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The rapid growth of the RF spectrum for mobile communication creating a challenge to
ensure excellent wireless link quality for high data rate. Therefore, the understanding
and modelling of the propagation mechanisms in the environment (including reflection
and diffraction) are crucial. Propagation mechanism at higher frequency becomes an
issue, due to the short wavelength, features of material cause increased scatter, high
propagation loss, directivity and sensitivity to blockage. As such, just knowing the
composition of the material may be insufficient to understand the propagation mechanism
of any signal incident on that surface, and hence the surface roughness itself may become
the more dominant feature.
This thesis mainly focuses on measurement methodologies, calibration and analysis
for materials in the range 20GHz to 60GHz and uses small samples (typically around
40cmx40cm) for the extraction of the pertinent material characteristics. Here two practi-
cal methods are considered. Sample materials include metal, concrete, wood and ceramic
tiles.
The first method uses a transverse measurement technique to identify the diffraction
and attenuation of samples. This initial study considered propagation through materials,
but it was apparent at an early stage that this is not possible to study material atten-
uation without an excellent knowledge of the reflection properties of materials. Hence
the thesis subsequently concentrates on wideband reflective properties. The transverse
measurements helped to yield reflection levels to normal incident signals but do not
suitably identify diffuse scatter. The second method considers the angular signal spread
with the goal to determine the level of surface reflection and scattering with the different
incident signal angle of arrival. Measurements both in an anechoic chamber (5m range
at 20GHz) and a shorter range (1m for 60GHz) were performed. Results are able to
clearly identify the level of reflectivity and also a good indication of the extent of material
scatter.
The thesis also includes indoor propagation measurements as a means of determin-
ing the more significant effects when considering propagation between transmitter and
receiver. This leads to a discussion of what features (material type, size and construc-
tion) may be most useful in inclusion in EM propagation modelling. The measurement
methodologies and results presented in this thesis provide a useful guideline to extract
material properties but also provide insight as to the level of ‘EM details’ required for
deterministic propagation models at millimetre wave.
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With the ever-increasing expansion of the RF spectrum for mobile communications
systems (i.e. 5G) and the need to ensure an excellent wireless link quality for high
data rate, the understanding and modelling of the propagation mechanisms in the
environment (including reflection and diffraction) is essential. While at lower frequencies,
sub 6GHz, these are relatively-well understood, this becomes more of a challenge at
millimetre wave frequencies where, due to the short wavelength, features of, say, walls
cause increased scatter.
As such, just knowing the composition of the material (glass, brick, concrete) may
be insufficient to understand the propagation mechanism (angle of departure and po-
larisation) of any signal incident on that surface, and hence the surface roughness
itself may become the more dominant feature. Therefore, in order to insert material
characteristics into EM propagation modelling tools (i.e. ray tracing) not only the con-
ductivity/permittivity/permeability of the ‘smooth’ material needs to be known, but its
scattering properties.
This significant interest means determining the material characterisation with re-
spect to reflection (specular and diffuse scatter), diffraction and attenuation to insert the
data into propagation modelling are being considered in this research.
1
1.1 Overview and Motivation
Propagation Mechanisms
The same physics governs millimetre waves as for all the radio spectrum. Therefore,
they have limitations related to their wavelength. The shorter the wavelength as the
frequency increases, the higher the path loss (for given antennas gains) and probably
higher material attenuation loss, the propagation mechanisms are greatly different from
those the sub-6 GHz, therefore have to be particularly studied and modelled to describe
the millimetre wave channel.
K band that lies between 18GHz to 27GHz and millimetre wave in the range of
28GHz to 60GHz will be the main frequency of operations that will be reviewed. In these
frequency range, wavelength of 16mm to 5mm will be the major concern for material
characterisation. How large the material sample or obstacle and how far the transmitter
to the receiver with respect to the material target will be the focal point. Furthermore,
the millimetre wave communication system will be primarily employed in hot spots
(short range indoor environment) instead of longer-range coverage in outdoor scenarios.
Radio propagation is the technique of how radio waves travel or propagate (trans-
mitted from one point to another) and affected by the medium travelled. The main
mechanisms behind the radio wave propagation can be categories as: Line of Sight (LoS)
and multipath due to reflection, diffraction and attenuation as shown in Figure 1.1.
FIGURE 1.1. Propagation Mechanism
Many factors affect how the radio signals or radio waves propagate. These are define
2
by the medium through which the radio waves travel and the various objects that may
present along the path. The level and quality of the received signal are depending on the
properties of the path of which the radio signals propagated.
Several different types of radio propagation are used in practical radio transmission
systems. The line of sight propagation indicates the state of radio waves as it travels
from the transmitter to the receiver in a straight line without any obstruction. For this





where R is the distance between the transmit and the receive antennas, and λ is the
operating wavelength.
and in dB, the equation becomes:
LFSL[dB]= 92.4+20log f +20logR (1.2)
where f is the frequency in GHz and R is the line-of-sight (LOS) range between
antennas in kilometres.
When including the multipath propagation, this term in Equation 1.2 is often modified
to take the effect of other losses into account. This multipath components come from
reflection, diffraction and attenuation either in indoor or outdoor environments.
The reflection of a wave is a process by which a wave hits an object and bounces
off it. For radio wave, reflection defines an electromagnetic wave hits upon an object
which has very large dimensions when compared to the wavelength [3]. When a signal
is reflected there is usually some loss of the signal, either through absorption or as a
result of some of the signal penetrates into the medium. There are many factors that
influence the attenuation of the signal strength of the reflected wave; such as wavelength
(frequency) of the wave, incident and reflected angle and the characteristics of the object,
including its material properties, thickness, surface roughness, etc.
There are two general types of reflection: specular and diffuse, as shown in Figure
1.2 . A specular reflection, such as what you see in a mirror or a polished surface, occurs
when wave is reflected away from the surface at the same angle as the incoming wave‚Äôs
angle. A diffuse reflection, sometimes called Lambertian scattering or diffusion, occurs
when a rough surface reflects the wave at many different angles. These signals are
generated because of gaps and sharp changes in the surface for example a wall of a
building that have windows, balconies, brick or stone decorations or beams.
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(a) Specular reflection (b) Diffuse reflection
Figure 1.2: Specular and Diffuse Reflection
Diffraction occurs when a radio wave travels meets an obstacle, it tends to bend
around the obstacle. The bending or change in direction makes it possible to receive
energy around the edges of an obstacle [4]. At millimetre wave frequency, diffraction
has a small effect on the received power compared to direct LoS, reflected or scattered
wave, however in [5] diffraction was reported to be significant propagation mechanism in
non-line-of-sight (NLOS) environments.
Consequently, a radio signal may be received behind the obstacle even if it is impene-
trable. At frequencies up to a few GHz, it is significant to consider diffraction for outdoor
propagation to predict the field strength accurately since the diffracted field around
objects and building edges can contribute substantially to the total received power.
Propagation Modelling
In order to fully understand the radio propagation characteristics in higher fre-
quency band, it is necessary to develop its particular channel model. At millimetre wave
frequency, a detail propagation modelling is a crucial in order to design an adequate
communications system operating at this frequency band [6]. The propagation modelling
can be characterise as Figure 1.3.
Ray-Tracing (RT) techniques [7, 8] are best method for characterising deterministic
models. RT is generally carried out using an independent software package to simulate
the proper channel scenario, where all environmental/scenarios features and parameters
are known and stored in the system. Ray tracing models are really useful when there
are no measurements available for a specific environment, this is an added advantage
and reduce the cost of measurement. At millimetre wave frequencies, several studies
involved the ray tracing model [6, 9, 10] are use to predict the propagation behaviour
of the channel in various scenarios. The disadvantage of the ray tracing software is
that it does not always include all of the relevant propagation mechanisms, such as
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FIGURE 1.3. Propagation Model: Ray Tracing
non-specular scattering effects and this leads to the geometry data-base errors. However,
[11–13] have been successfully used ray tracing to model wireless radio propagation. .
One of important input towards the building a propagation model is a material
characterisation that contributes to the static environment parameters. A review on
the electromagnetic characterisation of building materials at microwave and millimetre
wave frequencies was presented in [14]. The hypothesis was the building material should
produce the permittivity values which are frequency dependent, and conductivity is
indirectly related to the absolute value of the material permittivity as it only affects its
imaginary part (complex values). The complex permittivity of a material, its thickness
and surface roughness, polarisation and incident angle, determine the total amount
of energy that is reflected or transmitted through the material. Characterisation of
building material has been done quite a lot over a range of frequencies [15–18]. Practical
predictions of the channel properties/parameters require the measurement of angle-
dependent reflection coefficients for common building material over a wide frequency
range.
1.2 Challenges and Contribution
As increased interest in K-band and millimetre wave frequency due to the expansion
of communications systems, increased data rates etc. were reported in [19–23]. How
accurate do the new propagation models need to be? Do building specific materials really
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matter or is an ‘average’ reflectivity good enough?
There is a need to have a better understanding of propagation loss mechanisms;
reflection, scatter, diffraction and attenuation. The demand to be able to focus on particu-
lar materials to see how sensitive the measurements are and hence how accurate any
propagation model will be using high material parameter tolerances.
The need to compare a large scale studies with laboratory-based reliable, repeat-
able measurements to allow full material characterisation including scatter and also
determine the variation in parameters from sample to sample. The need, therefore, is
to the able to scale the problem from knowing the small-size material characteristics to
those for large scale and to remove the small-scale artefacts, i.e. diffraction effects will
be different, as will the illumination of the object etc. as illustrated in Figure 1.4.
FIGURE 1.4. Small sample versus larger sample propagation
This thesis does not answer all these questions but puts forward some practical and
repeatable measurement methods start to allow relative and absolute characterisation
using small-scale material samples. The thesis will first review the state of the art in the
propagation mechanism in the millimetre wave band. The thesis will then concentrate
on the determination of material parameters with the small sample orientation normal
to the transmit antenna and develop a finer resolution transverse measurement for
wideband frequency and investigation of reflection from surface material.
The thesis will explore and propose different analysis techniques including the
calibration of the measurement range and processing of the data in indoor laboratory
measurements.
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1.3 Structure of the thesis
• Chapter 2 presents a comprehensive literature review of RF propagation and
material characterisation measurements for the K-band (18GHz to 27GHz) and
millimetre wave (28GHz to 60GHz) frequency range for various indoor and outdoor
scenarios. The transmission and reflection measurement with respect to small
sample materials and building for indoor scenarios will be presented. The review
of full indoor azimuth and elevation scan and clutter identification will also be
discussed and propagation modelling at millimetre wave. At the end of this chapter,
the thesis will summarise the reviews studies and relate it to the main contribution
of this thesis.
• In Chapter 3, two methods will be presented that concentrate on determination of
material parameters with the sample orientation normal to the transmit antenna,
and hence the material broadside reflection and transmission through the material
will be examined, and the other method concentrates on the development of a
comprehensive model of the normal reflection of a material taking into account
the transmit antenna, path between the material and antenna and the thickness
of the sample, with method of system calibration suggested. The chapter will end
with challenges and realisation towards measurements at higher frequency bands.
• Chapter 4 will present the angular measurement both in anechoic chamber and in
indoor laboratory area. Measurement will be conducted at frequency of 20GHz and
60GHz (for short range indoor laboratory area). The calibration of the measurement
range and processing of the data is presented with the means to identify the
reflectivity versus angle (scatter) at frequency of 20GHz and a number of samples
are considered: metal, concrete and wood. The level of reflectivity with respect to
metal plate are useful for propagation model for future works.
• In Chapter 5, an intensive azimuth-elevation scan measurement in the anechoic
chamber and indoor laboratory and adjacent office environment at the lower band
of millimetre-wave frequencies, 22GHz were presented. The work in this chapter
focus on object identification and their perceived size as seen at a receiver. This
chapter will conclude with significant findings that will be further used for future
research in propagation mechanism area.
• This chapter concludes the contributions and impact of this work, particularly the
prospects for further research in the field.
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REVIEW OF RF PROPAGATION MEASUREMENTS
STUDIES AT K-BAND AND MILLIMETRE WAVE
FREQUENCY
This chapter presents a comprehensive literature review of RF propagation and material
characterisation measurements for the K-band (18GHz to 27GHz) and millimetre wave
(28GHz to 60GHz) frequency range for various indoor and outdoor scenarios. The aims
are to identify the motivation for a practical material characterisation measurements,
the current state of the art for the research and review the relevant published research.
The chapter sets out as follows: Section 2.1 will reviewed the measurement techniques
and categories it into three methods based on the measurement setup of the transmitter
and the receiver antenna. In Section 2.2, the fixed antenna position will be reviewed. The
investigation will consider the type of antenna used, the distance between the antenna
and the sample material and the propagation mechanism. In Section 2.3 will focus on
the movable transmitter or receiver antenna. Section 2.4 concentrates on the indoor and
outdoor scanning both for azimuth and elevation angles.
This chapter will end with a summary and challenges that this thesis focus on.
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2.1 Review of Propagation Mechanism Measurement
Setups
In considering the measurement of the RF characteristics of materials, the number of
degrees of freedom in terms of transmitter position and receiver position with respect
to the material under test together with polarisation (co-co and co-cross) deems the
complete analysis of the material in terms of its reflection and attenuation properties
with frequency an extremely complex task. The material properties will include its
bulk conductivity, permittivity and permeability, compactness (i.e. density), material
texture (i.e. surface roughness) and shape (i.e. curvature). At low frequencies, say sub
6GHz, surface roughness may not necessarily impact on material properties however
with increased frequency (or size of material ‘features’) the potential scatter may start
to compete in dominance with the bulk material characteristics and general shape.
In this review, methods to determine material characteristics are identified. Table 2.1
provides the outline on how transmitter and receiver setting related to RF propagation
mechanism. The categories are based on the positioning of the transmitter and receiver
either fixed or moved position.




Fixed Transmission and Diffraction Reflection and Diffraction
Moved Reflection and Diffraction Scanning
The overall discussion in this chapter will be based on this Table 2.1. There are
basically three main setups of interest. Based on these setups, the measurement method-
ologies, calibration and analysis are the main concern that will be adopt in this thesis.
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2.2 Fixed Position of Transmitter AND Receiver
The first setup to be discussed is when the transmitter and receiver antennas are at the
fixed position. The line of sight (LoS), attenuation through material (penetration) and
diffraction will be observed and studied. This section will cover review of both indoor and
outdoor environments, concentrating on the frequency range 20GHz to 60GHz. Figure 2.1
shows the typical setup for fixed transmission measurement. In this setup, transmitter
and receiver are kept fixed at a certain distance (d1 and d2) and material under test
(with thickness, ds), was placed in between the two antennas. Reviews will cover the
details setup, observation and results obtained and the challenges that arose.
FIGURE 2.1. Fixed Tx AND Rx: Transmission Measurement Setup
2.2.1 Direct Line of Sight (LoS) and Penetration Investigation
The first review for this fixed position of antennas setup will cover the direct line of sight
and penetration mechanism. In this section, transmission across obstacles and building
material either in an indoor environment or from indoor to outdoor or vice-versa will be
analysed. Transmission and attenuation loss through various material that commonly
uses in building construction will be presented. This section aims to demonstrate that
the results from this transmission and diffraction measurements cannot be neglected for
the considered frequency band.
Transmission: direct line of sight
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The line of sight propagation describes as signal travel in a straight line from the
transmitting antenna to the receiving antenna. Loss in this direct transmission is known
as free-space loss. This free-space path loss is defined [24] as:
FSL[dB]= 92.4+20log f [GHz]+20logd[km]. (2.1)
where two communicating antennas operating at a frequency f in GHz and separated
by d in kilometres (km). Based on this equation, the free-space loss is proportional to
both frequency and distance between the antennas. Therefore, higher free-space loss is
expected when it is in millimetre wave frequency band.
Attenuation/Penetration
Penetration loss is an essential factor which determines the ability of the indoor
signal to pass through interior walls or furniture and the outdoor signal to penetrate into
buildings wall. This ability for common building materials are vital for the planning and
design of millimetre wireless system. Common relative permittivity and conductivity for
different building materials are presented by [25] and [26].
At higher frequency bands, penetration loss study of various materials have been
conducted for single frequency of 20GHz [27], 28GHz [1, 28], 40GHz [29, 30], 60GHz
[31–33] and wide range of frequency such as [34] from 2GHz to 74GHz, [35] in the
range of 800MHz to 18GHz, [36] for 8GHz to 37GHz. In general, mechanisms such as
attenuation or penetration are becoming significant problems that limit the quality of
radio wave link. Alternatively, in [29], this problem makes possible by using this effect
to shield the radio station sides. This idea is to take advantage of the attenuation to
minimise the interference in and from other communication systems.
Measurement campaign in an indoor environment to study the penetration loss
for various material have been conducted in [29, 34]. Wall materials made of wood
and glass have been measured. Measurement setups are as Figure 2.1 with a distance
of 3m between the antenna in [34] while [29] was not specified. Results from both
measurements are tabulated in Table 2.2.
Noted that both measurements did not specify the dimension of the material even
though the antenna illuminated the materials sufficiently.
Investigation of outdoor to indoor wall penetration for a different type of wall and
window are reported in [1, 28, 32, 37]. At 28GHz, path loss through both standard window
glass and coated glass were measured in [28], and at the same frequency, measurement
was extended for a different type of material (brick, concrete and drywall) in [1]. At a
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lower frequency of 800MHz to 18GHz, comparison of modern building material versus
old building material was conducted in [37].
2.2.2 Diffraction Analysis
In wireless communications especially the wedge and edge diffraction measurements
are of interest because building corners, both indoors and outdoors, are the main objects
causing diffraction [38–40]. In addition, diffraction for cylindrical and rectangular shapes
of obstacles [29, 41–43] at 40GHz and 60GHz also essential. Accurate characterisation
of diffraction at higher frequency is crucial for the understanding of rate of change
of signal strength in mobile communication systems (the reduction in strength as the
signal becomes more in ‘shadow’ has bigger impact at higher frequencies, since the the
millimetre wave system will have to rely less on diffraction as a dominant propagation
mechanism [20], [44], [45].
This diffraction analysis will start with discussion based on the fixed antenna mea-
surement setup, then a review of the results before finding the suitability of this setup
for material characterisation at higher frequencies.
A building corner diffraction measurement campaign at 28GHz [46] were conducted
at three separate buildings with 90◦ sharp corners. A 2.5◦ parabolic antenna was used at
the transmitter and a horn antenna with a 17◦ HPBW at the receiver. The path lengths
were set from 39m to 50m. Typical building materials of brick and concrete block were
considered. The measurement results showed that as diffraction angle increased (moved
to shadowed region) , the diffraction loss increased. The concrete block corner attenuated
the signal by 3dB more than the brick corner for the shadowed region.
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Diffraction measurement as comparison between frequencies was conducted in [47]
for 2GHz, 11GHz, and 38GHz. It was discovered that the diffraction loss increased as
frequency increases, and decreased with RX antenna height. Another frequency com-
parison for diffraction loss measurement was conducted in In [19]. Frequency of 10GHz,
20GHz, and 26 GHz measurement was conducted in indoor and outdoor environment. In
the indoor measurements, 90◦ wall corners made of drywall, wood, and semitransparent
plastic board with 2cm thickness and outdoor measurements investigate one rounded
stone pillar corner and one marble building corner.
Diffraction over the rooftop at 28GHz was conducted in [48]. The distance range was
limited between 12m to 150m and diffracted angle of 0◦ to 50◦. Based on the measurement
results, they conclude that the diffraction losses are proportional to a diffraction angle,
and the slope varies with the propagation lengths of the diffracted waves.
At 60GHz, investigation of attenuation by diffraction caused by metallic and wooden
edges and wedges in the indoor environment have been conducted by [38]. Follow the
fixed setup(the transmitter and receiver at a fixed position and the object moved across
them); the measurements were conducted with a Rohde & Schwarz ZVA50 vector network
analyser (VNA) in combination with 20dBi WR-15 and WR-3 fed standard gain horns
(SGH) antenna as transmitter and receiver for both horizontal and vertical polarisation.
The object moved in steps of 1mm, but the distance between both transmitter and
receiver was not stated. A metal cylinder of the 45mm radius and 250mm height and
metallic cuboid with quadratic area cross section (80x80mm2) was used.
Another diffraction analysis measurement at 60GHz was conducted in [42] with a
metallic circular cylinder vertically placed at the intersection (radius was not stated).
The purpose of their works is to evaluate the influence of the deflecting objects (DO) in
broadband propagation characteristic at the NLOS (T-shaped) intersection. Two identical
pyramidal horns with mid-band gain of 23.4dBi were used for transmitter and receiver
with vertical polarisation at 20m apart.
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2.3 Movable Positions of Transmitter OR/AND
Receiver
Positions of transmitter and receiver have a major contribution in determining an exact
propagation mechanism involve in propagation studies. In this second setup, movable
positions of either transmitter or receiver will be reviewed. From this setup, diffraction
can still be determine but the main observation will be the reflection both from smooth
(specular) and rough (diffuse) materials.
2.3.1 Diffraction Mechanism; The Angular Setup Analysis
The diffraction effect occurred or being observed when the wave is approaching the
tip or the corner of any obstruction. There are measurements of corner diffraction
being undertaken in the frequency range of 20GHz to 60GHz both indoor and outdoor
environments [29, 30, 37, 46, 49–57]. Isolated corner measurement setup for diffraction
analysis was observed as parallel and angular measurement. Parallel measurement
describes as either the transmitter or receiver moved in a straight line with respect to
the nearest wall, while angular measurement describes as the antenna moved in angular
motion as shown in Figure 2.2.
FIGURE 2.2. Movable Tx OR Rx: Corner Measurement Setup
In parallel measurement [49], the transmitter was located 5m from the corner with
1m away from the nearest wall, and the receiver was moved along the 6m route with
parallel tracks from the wall; measurement was taken every 4mm while the trolley being
pulled along the track. Meanwhile, in [37], the receiver was moved to 3m and 6m deeper
to NLOS area, and measurement was taken in azimuthal range scanned (180◦ to of
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360◦). For [37] measurement, the analysis focused not only on reflection and scattering
but also on diffraction. There are some drawbacks in using the setup: The placement of
the antenna on the handle or trolley may include vibration hence the data reading will
be varying. Repeatable measurements also will be not accurate in [49] because of the
manual movement of the trolley.
In the angular measurement, the transmitter and receiver antenna was held at a
certain distance away from the rotation axis; 2m for both transmitter and receiver in
[51], 3.75m [50] and 0.6m for transmitter and 1.2m of receive antenna in [29], in contrast
[46] not specified the distance between the corner and the antennas. For all the setups,
limitation of angular movement in degree rotation and distance depth in NLOS area is
crucial. The receiver was moved in an arc and measurement was recorded for intervals
of 10◦ in [29, 50, 51].
2.3.2 Reflection from Surfaces
Reflection, in this case, is surface dependent and frequency dependent. If the waves hit
the smooth surface, all the energy will get reflected back, and this case is known as
specular reflection, whereas if the waves hit the rough surface, the energy will reflect
back but in all other direction, and this case is called diffuse scattering. Furthermore,
measurement setup as Figure 2.3 also being observed of reflection existence.
FIGURE 2.3. Movable Tx OR Rx: Arc Measurement Setup
Reflection loss in and around buildings in New York city at 28GHz have been pre-
sented in [1]. Reflected power was measured from a a variety of materials (tinted glass,
clear glass, concrete and dry wall) based on the following this setup; the transmitter and
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receiver antenna was placed at a distance of 2.5m from the material with the antenna
oriented at two different incident angle (10◦ and 45◦). Both the transmitter and receiver
are horn antennas with 24.5dBi gains with 10◦ half power beamwidth. The materials
under test are tinted glass, clear glass, concrete and drywall. Reflection coefficient for
stated building materials were tabulated in Table 2.3, comparing the results for indoor
and outdoor materials.

















With regards to the results, reflection coefficient for outdoor materials was as large
as 0.869, showing that it has a high value of reflectivity and a very small transmitivity.
Another outdoor measurement campaign to determine reflection and scattering was
conducted in [37] at 38GHz in urban scenarios. A commercial 38GHz backhaul equipment
was installed at both the transmitter and receiver. The antennas have a maximum gain
of 40.5dBi (vertical) and 39dBi (horizontal) with a highly directional pencil beam shaped
with half power beamwidth of 1.45◦. The transmitter antenna was pointed towards
the building facade. For specular reflection, incidence angle is equal to reflected angle
with respect to the normal plane of incidence of the building wall. Measurements were
done for both (V-V and H-H) polarisations. Reflection loss, in this case, is defined as the
difference between the line of sight (LOS) power and the received power measured at the
same particular distance travelled. They also observed that the reflection loss decreases
with increasing of incident angle or the reflected component is stronger for the larger
incident angle.
Setup that is the same as shown in Figure 2.3 for the arc movement have been used
in [58, 59] for parameterisation procedure of diffuse scatter at 60GHz. A directive lens
antenna acts as a transmitter (51.5GHz to 75GHz) was placed at a distance of 1.4m and
points to the centre of the material, while the receiver (omnidirectional antenna), moved
in semi-circular motion around the material (at 10◦, 50◦, 90◦, 130◦ and 170◦). For each
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receiver position, the relative received power that comes from the area of the material
that received a maximum level of energy was measured.
The goal of their research was to find the best diffuse scattering model for typical
building materials; glass, plasterboard, chipboard, cardboard of a box and bricks used
both indoor and outdoor walls. A time gating techniques were applied to the measured
data to distinguish the received power of the diffuse scattered components. For mod-
elling purposes, the Lambertian and directive model has been chosen to investigate the
existence of diffuse scatter and to characterise the building materials.
Reflection scattering and bistatic reflection measurements have been conducted in
[17] at 60.2GHz using the same setups. For reflection scattering measurement, the
transmitter was kept fixed and illuminating a test material at a particular angle, the
receiver moved in angular position and recording the reflected power. As for bistatic
reflection measurement, both the transmitter and receiver antennas were moved in
angular motion so that the incident angle is as identical as receiving angle.
From these measurements campaign, only the materials with a standard deviation
of roughness equal to or greater than 0.3mm exhibit more significant influence on the
received power of the scattered material. Whereas from bistatic reflection measurements,
they have derived a material complex permittivity and material thickness relationship
with respect to reflection scattering measurements.
Analysis of this scattering caused by various building elements in [60] was conducted
using a Millimeter-Wave Scale Model Measurements and Ray Tracing [61] and reflection
coefficient for house flooring materials measurement was also conducted in [62] at
57GHz-64GHz.
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2.4 Indoor Azimuth and Elevation Scan
This last section will investigate the measurement setup that involved the movement of
the transmit and receive antenna. The movement of the antenna, in this case, includes
the rotation of the antenna itself either in azimuth or elevation plane. Reflection and
scattering mechanism are the propagation mechanism being evaluated from this mea-
surement. In addition, this indoor azimuth and elevation scan investigates path loss
characteristics based on both angle orientation and distance.
In recent years, the propagation characteristics of indoor radio channels have been
studied through extensive channel measurement campaign in higher frequency bands
such as 20GHz [63], 26GHz [64], 28GHz [65–78] and at 60GHz [5, 11, 26, 68, 79–89].
Comparative studies between lower frequency versus high frequency also can be reviewed
in [90] at 2.9GHz and 29GHz, at 14GHz and 22GHz indoor [91], [71, 92] at 28GHz and
73GHz, [93] at four different frequencies of 28GHz, 39GHz, 60GHz and 73GHz and
[94, 95] at 19GHz, 28GHz and 38GHz.
Even though the focus of work in this project is for indoor scanning, the outdoor
channel propagation also become the interest of researchers due to larger multipath
propagation in that scenario. At 28GHz [96–99] and at 60GHz [31, 100] outdoor channel
measurement campaign were actively conducted.
The aim of this section is to analyse the setup not only the positioning of the antennas
but also on how the result being evaluated from the measurement and factors that
contribute to the channel measurement itself.
2.4.1 Channel measurement campaign at 28GHz
Conducting well-planned and detailed measurement campaigns is an extremely valuable
method to investigate the millimetre wave channel. Many researchers have performed
channel sounding and channel characterisation for the 28GHz frequency band in indoor
scenario. This subsection will looks into the 28GHz channel measurements that were
conducted indoor in terms of the size of the measurement space, the channel sounder
and VNA used and the results based on rotation angles.
At 28GHz, the wavelength is approximately 10.7mm, therefore the size or space of
where the measurement was conducted was crucial. Measurements were performed in
smaller room [71], for maximum range of 30m [70] or in the laboratory environment (7m
x 10m x 3.5m area; equipped with chairs, table, computers and electronics devices) [65].
[92] conducted the measurements in a modern building of (65.5m x 35m x 2.7m) with
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common office partitions (such as cubicles, desks, chairs, metal shelves, wood closets,
concrete walls, glass and elevator doors). All the clusters in the indoor environment
need to be specified in order to determine the source of multipath signals. At a wider
space such as Seoul railway station (170m x 45m x 21m) and Incheon International
Airport (650m x 82m x 20m) in Korea [66, 69] measurement were conducted considering
population density or hot spot areas.
Based on the review, most of the measurement were conducted in a rectangular
size of room. This is probably the best geometric shape for modelling the propagation
mechanism as been used in ray tracing simulation [76], but this thesis will not go in
depth regarding this issue.
In this multiple measurement campaigns, antenna with narrow half power beam
width (HPBW) were used. Details of gains, beamwidth and rotation either in azimuth
or elevation plane need to be specified to investigate the effect of illumination by the
antenna itself and the angle of rotations. Horn antennas (18.52dBi gain and 20◦ (3dB
beamwidth)) that rotated in the entire azimuth plane (0◦ to 360◦ with 15◦ step) while
using a VNA to measure the channel was conducted in [65]. [70] only describe their
measurement using a VNA and a pair of 26dBi gain horn antennas for distances up to
30m.
The same configurations were used both in [96] and [69] for measurement in the
larger room. They used a 60◦ HPBW horn antenna of 10dBi gain as a transmitter, and
24.4dBi horn antenna with 10◦ HPBW as a receiver. The height of the transmitter and
receiver were set at 8m and 1.5m respectively. At the receiver side, the azimuthal rotation
step size was 10◦ and ranging from 0◦ to 360◦, while in the co-elevation scan, ranging
from −10◦ to 10◦.
The empirical results of path loss, RMS delay spread, PAP are believed by [? ] to
provide a reference for the design of communication systems in the near future. Path
loss characteristic in term of angle orientation were focused in [69] and Saleh-Valenzeula
model for extra cluster parameters [65].
In this channel measurement campaign, LOS path plays the dominant role, however,
abundant multi-paths were generated during these propagation. Received signal can be
detected from different directions. The method of detecting and receiving these signals
effectively with directional antennas is highly significant for further investigation.
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2.4.2 Channel measurement campaign at 60GHz
Channel measurement campaign at 60GHz will be more crucial compared to 28GHz
because the wavelength now is only 3mm. The same points of interest as in 28GHz will
be reviewed,
The 60GHz indoor channel measurement using a directional horn antenna with 7◦
HPBW in the azimuth plane and 29dBi of gain at the RX, and an open-ended waveguide
with 90◦ HPBW in the azimuth plane and 6.7dBi of gain at the TX was conducted in
[84]. A sliding correlator channel sounder was utilised and channel impulse responses
captured at discrete pointing angles while Rx rotates. LOS measurements resulted in a
PLE less than 2 (theoretical FSPL), using a 1m close-in free space reference distance.
These findings were similar to those at lower frequencies in indoor environments, where
ground and ceiling bounce reflections and a waveguide effect are known to increase
power at the receiver such that the measured path loss is less than theoretical FSPL.
A 60GHz propagation measurements in various indoor environments in continuous-
route (CR) and direction-of-arrival (DOA) measurement campaigns were conducted in [5].
The propagation mechanisms were studied based on DOA measurements, indicating that
the direct wave and the first-order reflected waves from smooth surfaces were significant
in LOS propagation environments, while in NLOS cases, diffraction was a substantial
propagation mechanism, and the transmission loss through walls was very high. A
60GHz measurements in the corridor, LOS hallway, and NLOS hallway environments,
and the measured PLEs were 1.6 in LOS corridor, 2.2 in LOS hallway, and 3.0 in NLOS
hallway environments were also conducted by the same researcher in [79].
An indoor 60GHz radio channel measurements by recording power delay profiles
using a direct RF pulse technique with a 10ns repetitive square pulse, modulated up
to the 60GHz carrier having a bandwidth of 100 MHz and 10dBm of transmit power
while using identical 21dBi vertically polarised horn antennas at the TX and RX was
performed in [82]. The extracted power delay profiles were found to be less in hallways
(up to 8.18ns) compared to offices (up to 14.69ns). The measurements also discovered
that the office environment did not experience large channel variation over local areas.
How the radiation patterns and antenna polarisations at remote terminals affect
multipath propagation characteristics at 60GHz, in a conference room was investigated
by [88]. Four types of antennas were used to examine the effects of radiation patterns
of RX antennas: an omnidirectional antenna and three directive antennas with wide,
medium, and narrow HPBWs. The use of a directive antenna at the remote terminal was
an effective method to reduce the effects of multipath propagation. Further reduction in
21
multipath effects was achieved with the use of circularly polarised directive antennas
instead of linearly polarised directive antennas.
Channel sounder have been widely used in these 60GHz channel measurements.
Channel sounding hardware equipment’s is expensive especially at millimetre wave
frequency bands. Furthermore, extensive channel sounding measurements campaign
in various propagation scenarios at many potential millimetre wave frequency bands
is time-consuming and stored a relatively large data. This thesis will take to face the
challenge by setting up the scanning measurement in an indoor scenario with less
expensive but repeatable measurements.
2.4.3 Propagation modelling at millimetre wave
Channel models are essential for system performance evaluation and comparison espe-
cially at higher frequency band. It should depends on a profound knowledge of the basic
radio channel. Deterministic model (ray- tracing) is one of the approaches/method that
describing the channel model [21]. In ray tracing, exact information of geometry and
parameters of materials are important.
There are a lot of thing to consider in order to develop such an efficient ray tracing
model, for example; free space loss, foliage and atmospheric attenuation and propagation
mechanism (reflection, diffraction, scattering and attenuation) [6, 101]. The ray tracing
model should be extended to include the probability of diffuse scatter in materials,
because due to the smaller wavelength, presence of small roughness on the surface
should be more visible compared at lower frequency. In directly, the small objects or
clutter in and around the environment also need to be taken care of.
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2.5 Summary and Future Challenges
This chapter has presented a detailed review of the current state of the art for the various
measurement campaign, and propagation mechanism observed based on the positions of
a transmitter (Tx) and receiver (Rx) with respect to a material surface.
Section 2.1 contained a review of measurement campaigns that has been conducted
based on the fixed position of Tx and Rx and considered direct line of sight (LoS) propa-
gation, penetration, and diffraction effects. Based on the reviewed results, it was found
that attenuation was influenced by the frequency of operation and thickness of materials.
The diffraction effect from small sample materials such as wedges and edges have also
been studies. The challenges in this category are the distance between Tx and Rx to the
sample materials, the dimensions of material under test and the attenuation with respect
to the frequency and thickness of the materials. In Chapter 3 an initial study at 40GHz
to 50GHz of the transmission and reflection properties based upon this configuration has
been undertaken.
Movable Tx or Rx have been presented in Section 2.2. Diffraction again was observed
from this setup, but it focuses more on building corner diffraction, with the receiver
being moved in an arc around the corner feature. Based on the reviewed results, it was
found that the attenuation increase as the receiver moved into a shadow region. Results
indicated several trends concerning diffraction angle, building materials, and antenna
polarisations. The challenge in this categories is the angle precision, how many degrees
of movement are adequate to capture the diffraction and reflection. The challenge also
arises from the beamwidth of the transmitter and receiver antenna. How wide the beam
that falls onto the material under test or the corner of the building. The setup in this
category is modified and presented in Chapter 4 and become the main contribution of
this thesis.
Section 2.3 highlighted the case when Rx is moved in azimuth and elevation plane.
In this category, indoor azimuth and elevation scan is the main focus. Propagation
mechanism, in this case, covers all type of propagation mechanism such as a line of sight
(LoS), diffraction and reflection (diffuse and scattering). The multipath propagation has
been observed and several techniques been used to identify the mechanism separately.
The challenge in these categories is the size of indoor scenarios that can be covered
in these higher frequency bands and how are the clutter and human blockage in the
environment affect the propagation mechanism. The technique to identify the specific
propagation mechanism based on the raw data can be a challenge too. This scanning
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mechanism will be presented in Chapter 5 for indoor laboratory and adjacent office area
cases and will focus on object identification in the controlled environment before further
investigation of propagation path in larger scenarios.
Overall, the challenges are to identify whether the practical methods to produce
material parameters for inclusion in propagation models are repeatable and accurate,
and over what frequency range. Are there enough or suitable data or parameters as an










A STUDY OF TRANSVERSE PROPAGATION AND MATERIAL
CHARACTERISATION MEASUREMENTS
Chapter 2 has presented the reviews of several types of measurement setup to identify
propagation mechanism in, primarily an indoor scenario. The first method is presented
in this chapter concentrates on determination of material parameters with the sample
orientation normal to the transmit antenna, and hence the material broadside reflection
and transmission through the material will be examined.
This initial investigation was carried over a range of frequencies from 40GHz to
50GHz on samples of maximum dimension 40cm by 40cm and both reflection and
transmission properties are considered for a number of materials. Antennas are placed
either side of the sample and the distance to the sample and the size of the sample affect
the level of reflection back to the transmit antenna and the signal received by the second
antenna placed behind the sample. The effects of both the signal reflection from and
transmission through the material as well as diffraction effects are considered in the
method shown.
In section 3.1 a laboratory-based transverse measurement is introduced, and the
initial investigation described. This measurement process identifies three possible signal
components: direct line of sight, attenuation through the material and diffraction effects.
Basic Knife Edge Diffraction (KED) theory is therefore described here to help understand
diffraction mechanism.
In section 3.2, data from the initial transmit to receive antenna measurements are
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presented. It is important with attenuation measurements that a clear distinction be-
tween effects due to attenuation as not confused with those arising from diffraction
around the material and hence incorrect levels of attenuation recorded. Arising obser-
vations and challenges for this measurements are discussed, and these lead to the new
approaches and analysis.
Section 3.3 concentrates on the development of a comprehensive model of the normal
reflection of a material taking into account the transmit antenna, path between the
material and antenna and the thickness of the sample, with method of system calibration
suggested. Section 3.4 then describes the approach to undertake repeatable wideband
measurements using an automated test set up. The calibration process is described for
real data and results are presented for sample materials.
3.1 Transverse Measurement Setup for Diffraction
Analysis
In this study, the setup is as follows; the transmitter and receiver were kept fixed while
material under test is moved in transverse motion between the two antennas. The
transverse movement has therefore been used to investigate both the effect of diffraction
of the small material sample and the sample attenuation.
The movement of the material across the path has three propagation phenomena:
direct Line of Sight (LoS), diffraction and attenuation. The diffraction is evident in
all aspects of the measurement: when the material is approaching the intersection or
crossover between the transmitter and receiver position, while attenuation at its highest
when the material is in the middle of the transmitter-receiver path. This means that it is
important to establish its part in the determination of attenuation through the material
in order to remove it from the data. This would not be evident (in the same way) in a
large sample and hence scaling this analysis to allow inclusion in propagation modelling
tool would require only the true attenuation.
The closest similarity of using this type of measurement to the author’s knowledge
has been presented in a previous study [38] as translation measurement. In their paper,
measurements were taken for a single frequency of 60GHz and 300GHz and with only
copper cuboid and metal cylinder as the sample material. This is therefore a study of
diffraction around metal and rather than attenuation and other material attenuations
do not appear to account for the combined effects of attenuation and diffraction as noted
in Chapter 2.
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The objectives of this measurement campaign are to investigate the effect of diffrac-
tion and attenuation on small sample material in a range of less than 1m in an indoor
laboratory environment and compare the diffraction results with Knife Edge Diffraction
(KED) theory and establish a level of attenuation for some sample materials.
3.1.1 Procedure of measurement and data collections
The transverse measurement campaign was conducted in University of Bristol Commu-
nication System and Network (CSN) laboratory area. Figure 3.1 and Figure 3.2 show the
transverse measurement setup.
An area in front of the vector network analyser was selected as a measurement area
to avoid use of long cables that needed to be fixed in position after calibration to minimise
measurements errors. The area was also relatively free from clutter and hence multipath
from clutter was not seen to be an issue.
The 2-port 37397C Anritsu Vector Network Analyser (VNA) was connected to two
identical 20dBi directional standard gain horns. The 20dBi gain antenna has a half
power beamwidth (HPBW) of approximately 23◦ at mid-band frequency of 45GHz. Both
antennas were mounted on fixed poles and pointed towards each other at 1m apart.
FIGURE 3.1. Transverse Measurement setup
27
FIGURE 3.2. Photo of Transverse Measurement setup
Measurements were taken over the range 40GHz to 50GHz. All measurements were
carried out with vertical transmit to vertical receive (V-V) and horizontal transmit to
horizontal receive (H-H) polarisations to determine the influence of polarisation on the
extracted parameters. Cross-polarisation was not considered for this study.
The material under test is placed on a translation stage and moved across trans-
mitter and receiver in the x- direction using a positioner as depicted in Figure 3.1. The
procedures of measurements are as follows:
At the beginning, the material was positioned well away from the centre of transmitter
and receiver. In this position, the transmitter and receiver are at the line of sight (LoS)
between each other. This unobstructed case or line of sight acts as a propagation reference.
Subsequently, the material under test is moved in 20mm steps in x-direction using a
manual positioner. From then on, the material moved across and passed the transmitter
and receiver position in a straight line. This positioner is equipped with a stand and
adjustable vice to hold different thickness of material in place as shows in Figure 3.2.The
S21 measurement readings were therefore taken every 20mm along the track using
Matlab based software to control the VNA and record the data.
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3.1.2 Knife Edge Diffraction (KED)
As the measured data is a combination of diffraction and attenuation through the
material, it is necessary to identify both individually and the effect based on the overall
data collected. Therefore Knife Edge Diffraction (KED) is discussed here as a possible
means of representing the diffraction effect seen in the sample data.
The KED theory is a commonly used model to validate the diffraction effect. Knife
edge diffraction assumes a single sharp object edge separates the transmitter and receiver.
In [38], the researcher describe the KED as to provide an approximation formula for the
edge of diffraction at the semi-infinite half plane. KED theory also has been applied in
[49] to validate the measurement results.
Figure 3.3 shows the KED model geometry. A transmitter and a receiver separated
in free space, with a material as an obstructing screen which has an effective height of h
placed at a distance of d1 and d2 from transmitter and receiver respectively. From this
geometry, there are two propagation paths from transmitter to receiver; a direct line of
sight path and diffraction path.
FIGURE 3.3. The path geometry of Knife Edge Diffraction (KED)
The received electric field characteristics depend on the path difference 4 between
the length of the diffracted path and the length of the line of sight path. Using the















































This Equation 3.6 will then be normalised using the dimensionless Fresnel diffraction
parameter v which is given by Equation 3.7, which measures how deep the receiver is











Based in [102]; consider a receiver, located in the shadowed region, the electric field
strength at that particular receiver is given by Equation 3.8:
Ed
Eo





Where Eo is the free space field strength and F(v) is the complex Fresnel integral.
The Fresnel integral F(v) is a function of the Fresnel diffraction parameter v which is
given by equation 3.7 previously. The diffraction gain due to the existence of a knife edge,
as compared to the free space E-field, is given by:
Gd(dB)= 20log|F(v)| (3.9)
With this, an approximate solution for equation 3.9 is provided as:
Gd(dB)= 0 v ≤−1 (3.10)
Gd(dB)= 20log(0.5−0.62v) −1≥ v ≤ 0 (3.11)
Gd(dB)= 20log(0.5exp(−0.95v) 0≥ v ≤ 1 (3.12)
Gd(dB)= 20log(0.5−
√




) v ≥ 2.4 (3.14)
Based on these equations(3.10 - 3.14),three conditions can be assumed;
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• if the Fresnel diffraction parameter v is a negative value, it shows that the obstruc-
tion is below the line of sight.
• a value of 0 means that the transmitter, receiver and the tip of the object are all in
line, at this position the electric field strength is reduced by half or the power is
reduced to 1/4 of the value at the line of sight or without obstruction (i.e. a loss of
6dB).
• when the value of v increases on the positive side, the path loss rapidly increases.
The measurement setup as in Figure 3.1, replicate the geometry path of KED as in
Figure 3.3 accordingly. Based on this geometry, the movement of material in 20mm steps
is known as h (effective height); from this, the Fresnel diffraction parameter, v and the
estimated value of diffraction gain, Gd can be obtained from Equation 3.7 and Equation
3.9. The results were plotted in Figure 3.4.
FIGURE 3.4. Diffraction Gain, Gd of material
Figure 3.4 only show that the measurement setup in this section follows the geometry
that valid for diffraction effect analysis at the edge. Further analysis based on material
comparison will be discussed in the next section.
Note that, KED only limited to the height of the obstacle, h and distance from trans-
mitter and receiver to obstacle, d1 and d2. Even though the material is not assembled
the knife edge shaped, it follows the approximate solution calculation closely.
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3.2 Material Characterisation Based on Diffraction
and Attenuation Propagation Analysis
In this section, S21 data (signal from the transmit antenna to the receive antenna)
for the the transverse measurements campaign is analysed. The analysis covers three
main propagation mechanism that involve or arise from this measurement setup. The
first propagation is Line of Sight (LoS); the situation when transmitter and receiver
are aligned to point towards each other (this serve s a distance reference). The second
propagation mechanism is diffraction; when the sample material starts to move across the
transmitter and receiver and the third propagation is attenuation; when the materials
are in the middle and blocked both transmitter and receiver.
3.2.1 Material under Test (MUT)
For this initial investigation three materials of the same length were investigated. Table
3.1 shows the material under test with respect to dimension and photographs of all the
materials are showed in Figure 3.5.
Table 3.1: Material under test (MUT)
Material under Test (MUT) Size/cm Thickness/cm
Concrete slab 40x40 3.0
solid wood 40x40 2.0
laminated wood 40x28 2.0
(a) A concrete slab (b) A laminated wood (c) A wood
Figure 3.5: Material under test (MUT)
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Based on the tabulated dimension and picture of the materials, general descriptions
of material under test are as follows;
The first material is a concrete slab; it is a common structural element of modern
building construction either in internal or external walls. Concrete is a material that
can be manufactured with a variety of different specifications, and this may influence its
electromagnetic response. Concrete may be different in its structure, mixture, moisture
content, and in the size of grit used in the reinforce mixture. It is also may be internally
reinforced with a metallic grid arrangement, and the method in which it is treated that
will influence its internal porosity.
There are two types of wood that are tested in this measurement, the differences
between these two is the surfaces and densities; one with the regular wood surface and
the other one coated with the smooth and reflective surface. It is an important study to
realise how the same type of material with different surface and densities gives different
results for diffraction, attenuation and reflection in an indoor environment.
3.2.2 Received Signals and Regions Identification
The analysis identifies three regions as depicted in Figure 3.6 as LoS, diffraction and
attenuation.
(a) LOS (b) Diffraction (c) Attenuation
Figure 3.6: Signals and regions identification
The first key observation from this transverse set of measurement setup is region
identification. As the material under test travels from one side of transmitter and
receiver, across the transmitter and receiver and passed the transmitter and receiver,
three distinct regions are identified.
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The second key observation is based on the type and strength of the received signal.
The received signals are categorised into the dominant and secondary signal. As there
were three regions detected, the received signal also will be further explained based on
these regions. The three areas and the received signal are described in Figure 3.6. In the
figure, the bold lines are the dominant signal, and the dashed lines are the secondary
signal.
The three distinctive regions are identified as Line of Sight (LoS) region (Figure
3.6(a)): region when the material is out of the path between transmitter and receiver.
During this region, the dominant signal is a line of sight. The signals surrounding are
assumed to be negligible.
The second region is Penumbra (diffraction) regions (Figure 3.6(b)):this area occurs
when the material is approaching the direct sight of transmitter and receiver and
when the material started to block the view between the transmitter and receiver.
Throughout this phase, the dominant signal is diffraction, and direct path signal become
the secondary signal.
The third region is Umbra (attenuation) regions (Figure 3.6(a)): this phenomenon
occurs when the material is totally blocked the direct transmission path between trans-
mitter and receiver. The dominant signal at this point is attenuation and penetration
signals.
A results of the concrete measurement can be seen in Figure 3.7. The results were
plotted as S21 (dB) versus distance (mm). In the figure, 0mm is the point where where
both antennas are aligned with the tip or edge of the MUT, and the material starting
point is -100mm from the origin and will end at 100mm from the origin. This is the
limitation of the setup as the manual positioner can only cover 200mm of total distance.
The first region; LoS occurred when concrete is away from the transmitter and
receiver (at the distance of -100mm only up to nearly -20mm from the tip of the material).
In this area, LOS and diffraction from the edge (and possibly some reflection due to
material thickness) are noted that increases the signal level slightly.
The second region; From -20mm to 20mm, there is a drop of the signal observed as
the concrete enter penumbra region, and it is known as diffraction loss.
The third region; In umbra region, which started after 20mm from the edge (0mm),
the signals start to oscillate. It is expected that the signal will continue to oscillate until
it reaches the other end of the material. This is because of the interaction between the
attenuated signal and the diffracted signal. Depending on material size, this may just be
diffraction from only from one edge, but if the sample is small this may be from more
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FIGURE 3.7. Regions Identification with concrete as MUT at 45GHz
edges, and hence the sample size and distance from the sample is important here.
The value of LoS signal, diffraction loss and attenuation loss for a different type of
materials will be further discussed in the next section.
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3.2.3 Material comparison
In this subsection, three materials are examined and analysed in terms of diffraction and
attenuation as shown in Figure 3.8. All data have been normalised to LoS since cables,
antenna gains and path loss need to be removed from the analysis. Figure 3.8 shows S21
transmission data for three types of materials at the centre frequency of 45GHz. Three
distinct regions that have been discussed in previous section; can be observed at this
frequency plot.
The rate of change in dB of the penumbra region, which is from -20mm to 20mm can
be deduced from the figure itself. Concrete has the highest changes of the received signal
in that region; the signal drops approximately 24dB. Wood and laminated wood have a
slight decrease in signal at around 4dB to 6dB in this penumbra region.
In umbra region it can be seen that concrete had the highest attenuation and that
there is similar attenuated rate for both types of wood.
FIGURE 3.8. Transmission measurement at 45GHz
In the same figure, the average values of attenuation in umbra region was shown
(black dotted lines). From these average values, laminated wood has the lowest value of
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attenuation (-4.7dB) since the it has a smooth and reflective surface compared to concrete
(-23.6dB) that have rougher surface.
A comparison has also been made between the materials with KED, as shown in
Figure 3.9. In this figure, the horizontal axis was standardised to Fresnel parameter,v
as Equation 3.7. The figure shows a very good fit of diffraction gain signal between the
measured results and the calculated KED theory. The diffraction signal is crucial at v=0
where the edge or tips of the materials are. From the previous section, diffraction gain
for this measurement setup is -6.02dB based on the calculation. At the same point of v,
concrete has -8.65dB, while wood and laminated wood have -5.83dB and -6.34dB. Note
also the concrete is thicker and less likely to follow KED as there is more of a double
diffraction from the edges of the (thick) material.
to add: comparison with Tom and Alberto
FIGURE 3.9. Material versus KED at 45GHz
Diffraction and attenuation values presented were significant in observing the propa-
gation mechanism for small sample materials. However, there were some limitation and
drawbacks identified from this measurement.
Firstly, the measurement setup, the positioner track only 200mm long, therefore it is
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not enough length to cover the transition from the direct line of sight, diffraction at the
edge, direct transmission and direct line of sight again for the full cycle of detection and
data collections.
Secondly, the data collection. The positioner was manually operated. Consequently,
the data collections also were manually recorded. The data collected and discussed in
this section were agreeable but, the precision especially the resolution of the data was
not certainly accurate.
As a solution, a new track was assembled (a one-metre linear track with stepper
motor and fully automated). This new track will increase accuracy and repeatability of
future measurements. The new track and data collections will be further discuss in the
next section.
Thirdly, results presented. S21 data in this measurement was denoted as attenuation
through the material. The physical meaning of S21 is the forward transmission (from
port 1 to port 2) while S11 is the input reflection coefficient with the output of the network
terminated by a matched load [103]. S21 is not the attenuation since any reflection will
not appear in the S21 data set. Therefore it is necessary to take a step back and to
measure the S11 data. However, S11 data includes antenna and sample (with distance
to sample) parameters. The next section will look into this matter in depth.
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3.3 Reflection model: a single port model
The fundamental knowledge of propagation mechanism is the behaviour of the plane
wave as it approaches the boundary or surfaces [103]. In practical scenarios of wireless
and mobile communications, radio wave will partly transmitted and partly reflected from
surfaces or other obstacles on its path, as in Figure 3.10. The percentage of the incident
wave that is transmitted or reflected depends on constitutive parameters of the two
medium involved or in this case, the properties of the materials. From these parameters,
the transmission and reflection coefficient of multipath propagation mechanism can be
deduced.
FIGURE 3.10. Transmission between 2 materials
In this case of normal incidence, the incidence wave propagation vector is along the
normal to the interface between two media. In general, for smooth surfaces, radio wave
will be reflected, for rough surfaces, the wave will be scattered, and for edges of surfaces,
the wave will be diffracted.
Incident wave
For a general medium, with no loss of generality we can assume that the incident
plane wave has an electric field vector oriented along the x-axis and is propagating along
the positive z-axis. The incident fields can then be written, for z<0 as;
E i = E0e− jk0z (3.15)
Transmitted wave
The transmitted fields for z>0 in the lossy medium can be written as:
E t = E t0e− jk2z (3.16)
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Reflected wave
In the z<0 region, a reflected wave may exist with the form:
Er = Er0e− jk1z (3.17)
From these equations of incident, transmitted and reflected wave, the reflection r and




t = E t
E i
(3.19)
In this study, the reflection measurement for small sample materials can be modelled
as a single port or one-port network. The input of the one-port network of a transmitting
antenna is connected to a wireless channel or free space and followed by a small sample
material and follow the same path for its output. The schematic diagram of the model is
shown in Figure 3.11.
In general, a network has two ports; one port is represented as the input terminals,
and the other denoted as the output terminals. Such networks are very beneficial in the
design of transmission systems, a control systems, communications systems, and others
where electric energy or a signal enters the input ports, it is altered by the network, and
it exits through the output ports.
FIGURE 3.11. Schematic diagram for model development
Based on the schematic diagram, a transmission line circuit network symbolise all
the parameters are being established as shown in Figure 3.12. A signal flow graph (SFG)
has been deduced to solve the network [103]. The SFG is introduced as a graphical means
to visualise how waves propagate in an RF network. A generalised parameter has been
assigned to the port and the nodes.
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FIGURE 3.12. Signal flow graph for one-port network analysis
A signal flow graph is a graphical presentation that consists of nodes that are
connected by branches. The main advantage of using signal flow graph is that it provides
a method for simplifying or reducing any network, in this case, microwave network to
more fundamental form or transfer function [103].
The scattering parameters are set for the antenna and small material accordingly.
The parameters are as follows:
Table 3.2: Parameters of the model
Parameters description
A11 antenna input response
A12 = A21 antenna reciprocity
A22 antenna scatter
R1 = R2 range/distance from antenna to MUT (free space)
T1 = T2 thickness of MUT (attenuation in the sample)
M11 Face 1 of MUT
M22 Face 2 of MUT
M12 = M21 signal at the boundary (air to sample)
*Face 2 is mirror image of Face 1
The model will consider the propagation from the transmit antenna to a line of sight
towards the sample material for both surfaces (Face 1 and Face 2) then reflected back
with the same path. The analysis will focus up to Face 1 to show how the complex circuit
can be reduced to a simpler network using signal flow graph decomposition rules to
determine the input reflection coefficient τin as shown in Figure 3.13.
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In this model, each port is represented by two nodes,“a” and “b”;“a” node represents
the value of incident wave on that port, and “b” represents the value of exiting wave from
that port.
The input reflection coefficient τin is defined as Equation 3.20:
τin = ba (3.20)
FIGURE 3.13. Network analysis up to Face 1 (assuming no internal material
reflections)
Figure 3.14 shows how the signal flow graph being reduced using the decomposition
rules. There are four rules to reduce the signal flow graph; series rule, parallel rule,
self-loop rule and splitting rule [103]. In Figure 3.14(a) and 3.14(d), series rules has been
used solve two in-series paths, while, the self-loop rule has been applied in Figure 3.14(b)
and 3.14(c) to simplify the feedback loop.
Figure 3.15 shows the final flow graph after decomposition. From the figure, the final






Figure 3.14: Signals flow graph derivation
FIGURE 3.15. Final diagram to solve the SFG
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From the last diagram, τin can directly be solved as:




Equation 3.21 infer that, reflection coefficient τ is directly proportional to antenna
input response (A11) and with the influence of other parameters.
3.3.1 Model validation to analyse the measurement results
Based on the collected S11 data, Equation 3.21 can be written as Equation 3.22; where
reflection coefficient τ can suited to be S11 as represent in equation 3.22. S11 is now
given as the S11 parameter of the network analyser.
S11 = A11 + (R1R2)(A12A21)M111− (R1R2)M11A22
(3.22)
From the transmitter or input side, it shows that the reflection coefficient is propor-
tional to the distance apart, antenna reciprocity and reflection at Face 1 of MUT. The
calibration process starts with rearranging the equation or group the S11 with A11 (the
antenna input response) as in equation 3.23
S11 − A11 = (R1R2)(A12A21)M111− (R1R2)M11A22
(3.23)
A22 is assumed to be negligible and reduced to zero to allow a first simple reordering
of the equation. In reality this is the related to the radar cross section of the antenna
structure and its inclusion may introduce some frequency-dependent ripple into the
results.
Since metal plate will be the reference MUT, therefore two conditions need to be
investigated.
The first condition when direct transmission between transmitter and receiver, M11
= 0 when is no sample and therefore only the antenna is giving rise to a non-zero S11,
hence;
S11 = A11 (3.24)
The second condition when metal plate is the MUT, M11 = -1 (short circuit), hence:





S11(sc) − A11 ≈−R1R2A12A21 (3.26)
The assumption to be made is R1R2A22 « 1; this is the condition where the material
distance between transmitter and receiver are kept constant R1=R2 and antenna scatter
A22 is ignored.
The equation aims to prove that the reflection at the face of MUT is proportional to the
S11 of the signal with the elimination of the metal plate reflection signal. Rearranging
the equations, resulted in:
S11 = A11 − (S11(sc) − A11)M11 (3.27)
M11 ≈− S11 − A11S11sc − A11
(3.28)
Equation 3.28 shows that the surface reflection at face 1 of the material is comparative
to the S11 received signal with a background subtraction of received signal of the metal
plate.
The actual M11 will depend upon the size of the metal plate since diffraction, distance
to sample and antenna beamwidth may all be expected to have an impact here.
In the next section, the new transverse measurement setup will be discussed and the
results obtained will be matched with the equation 3.28 of reflection model.
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3.4 Transverse Wideband Measurement for Surface
Reflection Analysis
In this section, the aim is to use the same concept setup as in the previous section
to investigate the surface reflection propagation. This study focuses on the wideband
frequency range of 45GHz to 65GHz. Material under test in this section will concentrate
on a metal plate, concrete (two different surfaces) and ceramic tiles supported on a
plasterboard backing. In this measurement, metal plate is used as a reference material
for MUT. A new automated movable platform that clamps the MUT was designed to
create an easy method to scan the surface of MUT with minimal supervision. Although
wideband measurements have been undertaken, a single frequency will be used to show
the measurement, calibration process and the initial data analysis , before the full
distance-frequency data is presented.
3.4.1 Procedure of Measurement and Data Collections
In this measurement, the manual operated track was replaced with a linear positioner.
The linear positioner, as shown in Figure 3.16 is 1 metre long with a platform to hold
the vice capable of 100mm opening. The positioner and the platform are connected
to a stepper motor at the end of the track. A 0.01 degree per step stepper motor was
used with an ESP301 Motion Controller to achieve the precision needed. Matlab scripts
were written to ease the procedures and data collection. The Matlab code controls the
movement of the ESP301 motor and synchronously recording the VNA data at specific
position programmed.
FIGURE 3.16. Linear positioner with platform to hold MUT
This new setup was assembled at the same area as the previous measurement; the
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small area in front of Vector Network Analyser (VNA) in CSN laboratory. In this setup,
only port 1 is connected to the antenna (antenna details are given previously). In this
measurement, S11; the reflection coefficient were recorded at every stop points of 2mm.
Two new materials were introduced; metal and ceramic tiles as in Figure 3.17. Since
in this section, the main observation will be the reflected signal on the surface material,
the selections of these two materials are appropriate. Metal is also a common material
for modern building. There is increased use of metal shielded materials (aluminium foils)
in modern constructions to provide thermal isolation and fulfil with the new energy-
regulations [35].
Ceramic tiles are common construction material, especially for indoor use. Ceramic
tile is made from natural clay, water and sand and moulded to form a square or rect-
angular tiles. In this measurement, four tiles (plus two strips) are pasted onto 1cm
thick plasterboard so here both tiles and grouting are a factor in the measurements.
Hence both the effect of the tiles themselves and the grouting joint between the tiles will
be featured in the measurement. Noted that there also some cracks (scratches) on the
surface of the tiles that may contribute to the reflection measurement.
Table 3.3: Material under test (MUT)
Material under Test (MUT) Size/cm Thickness/cm
Metal plate 40x40 <1.0
Ceramic Tiles 40x40 2.0
(a) metal plate (b) tiles
Figure 3.17: Additional samples (MUT)
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In addition to these two new materials, a concrete slab that been used in the previous
measurement will be further analysed. This concrete slab has two different types of
surface, one with a rougher side compared to the other side as shown in Figure 3.18.
(a) Smooth Surface (b) Rough Surface
Figure 3.18: Photos of Different Types of Concrete Surfaces
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3.4.2 Results and Discussions
The platform that holds the MUT was programmed to move a total distance of 500mm
along the track and data was collected at every 2mm. As the platform moves pass the
antenna, the reflected power changes. As the edge of the material moving closer towards
the antenna, the signal increase as it reflected onto the edge and back to the antenna.
The signal will stabilise when it is reflecting at the main surface area of the MUT and
will decrease when it moves away from the antenna.
Single frequency analysis
Based on the collected data set, the analysis will first be presented in two dimensional
(2D) figures of the received signal of S11 versus distance travel for a single frequency
(centre frequency) of 55GHz. The discussion will cover sample size prediction based on
the observed received signals and the calibration process to determine the reflection
coefficient of the sample materials.
FIGURE 3.19. Metal plate at centre frequency 55GHz
First, data collected for the metal plate was presented for the metal plate reference.
The calibration process will be based on equation 3.24 and 3.25. Figure 3.19 shows the
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raw data (S11) and the normalised data (S11-A11). This data was normalised to the
reference data set (the line of sight data); a condition where there is no sample material
on the platform. From this, the same procedure will then be used for other sample
materials in order to determine the respective reflection coefficient of the materials.
Based on the same figure, the predicted dimension of the metal plate can be deduced.
This was done by taking the first edge at 60mm and the last edge at 420mm. The
calculated dimension was tabulated in Table 3.4. This is slightly higher than actual
dimensions as this is based upon an approximation of the ’diffraction curve’ at the edge
of the metal plate.
Figure 3.18 show two different surfaces of the concrete slab (smooth and rough). Based
on these differences, there will be a variation of the received signal over distance travel
for both surfaces. Figure 3.20 shows the irregularities of the signals. The irregularities
are significant on the rougher surface. There are approximately 3dB drops or variation
of the signal between both surfaces.
FIGURE 3.20. Concrete Surface Comparison at centre frequency 55GHz
The edges detection were made separately for both surfaces. For the less rough
surface, the first edge is at 46mm, while the rougher surface starts at 76mm. Their
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last edge ends at 430mm while the rougher surface ends at 436mm. There is a slight
difference in the dimension of approximately 2cm of length. The rough surface of the
concrete has the shorter edges as the peak/edge tends to delay as tabulated in Table 3.4.
The reflected signal for tiles is depicted in Figure 3.21; there are six edges detected
(equivalent to three tiles) as for how the tiles being glued on. The low dips in the data
set show the positions of the grouting between tiles. Note that the received signal varies
probably as a function of the separation of the tiles, the edge distortions of the individual
tiles and the thickness of the grouting. Furthermore, the scratch that appeared on the
surface of the tiles as in Figure 3.17 also contributes to the irregularities of the signal
received.
The second tile, as expected will be the perfect size tiles as the placement is in the
middle, while the first tile and the third tile strip will be smaller because of the first
and the last edges. The predicted dimension is 30cm while the dimension from Table
3.1 is 40cm. The difference of approximately 10cm maybe because of the placement of
plasterboard at the back of the tiles that not evenly placed and diffraction at the edges of
the tiles.
FIGURE 3.21. Tiles at centre frequency 55GHz
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The edge detection for all materials was determined using the identification of the
first highest data point(signal) as the sample moved, and on the other end at the point
where the signal starts to drop. The difference in length of these two edges was then
compared with the dimension of the sample as Table 3.17. The differences of a few
centimetres in all sample materials assumed to be because of the signal be diffracted
instead of reflected. Noted that Figure 3.20 and Figure 3.21 show the S11 - A11 values.
Table 3.4: Edge detection and length estimation of sample material at centre frequency
55GHz
Material 1st edge 2nd edge predicted dimension(cm)
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-16.46 -27.17
For further analysis, normalisation to the maximum value of metal plate was con-
ducted for all materials. This is the condition where the metal plate levels are around
0dB (and its average value taken across the region where the diffraction is small (200mm
to 300mm) and all other materials data is referenced to this value. This to satisfied
Equation 3.28. Figure 3.22 shows all sample materials with background subtraction of
metal.
From this figure, the average values of M11 between the distance range of 200mm
to 300mm (where diffraction ripple has settled down) were calculated and tabulated in
Table 3.5. Based on the table, tiles have the highest reflection coefficient compared to
concrete for both surfaces. The irregularities of the concrete surface (rough) that make
the signal tends to reflect in random order that may cause the lower value of the reflected
signal.
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FIGURE 3.22. M11 of materials at centre frequency 55GHz
Table 3.5: Average M11 of materials at centre frequency 55GHz
Material Average of M11
Concrete -6.3
Concrete with rough surface -6.9
Tiles -5
Wideband frequency analysis
The analysis shown so far has just concentrated on the processing of one frequency
set of data. These measurements were for the range 45GHz to 65GHz and hence the
processing describe was applied to the whole of the frequency data set. This analysis
aims to observe how reflectivity changes over a wide frequency range. The 3D figures
presented here are the raw data, S11 (dB) and normalised to the direct line of sight,
S11-A11 (dB) over a travelling distance of 500mm. Changes in colour represent the
changes in relative received power over the distance travel.
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(a) S11 - Metalplate (b) S11-A11 - Metalplate
Figure 3.23: Metalplate at wide frequency of 45GHz to 65GHz
Figure 3.23 shows the raw data of the metal plate. The 2D figures from the previous
analysis show the edges based on the first maximum signal appeared and the last peak
signal before its start to drop. In these 3D figures, that features still can be observed and
its constant throughout the wideband frequency range.
(a) S11 - concrete (b) S11-A11 - concrete
Figure 3.24: Concrete (smooth surface) at wide frequency of 45GHz to 65GHz
Figure 3.24 and Figure 3.25 show the S11 and S11-A11 data for both surface of the
54
concrete slab. Amount of ripples in concrete with a rough surface are more significant
throughout the frequency and appear as sinusoidal random ripples. In the rough surface,
the signal reflected and transmitted in several different directions compared to the less
rough surface. The amount of directions that the signal reflected depends on the degree
of roughness or the dimension of the irregularities itself.
(a) S11 - concrete rough (b) S11-A11 - concrete rough
Figure 3.25: Concrete (rough surface) at wide frequency of 45GHz to 65GHz
Figure 3.26 shows raw data of tiles over a wideband frequency. The same effect in 2D
figure for single frequency can still be observed.
The 3D data set for materials reflectivity with respect to metal plate are shown in
Figure 3.27. It can be clearly seen even from this small set of material samples that
the material surface roughness and construction as well as the material bulk properties
affect the (normal) reflectivity of the material. Average values and variants (upper lower
levels depending upon frequency and roughness) will therefore be required in material
description for deterministic model.
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(a) S11 - tiles (b) S11-A11 - tiles
Figure 3.26: Tiles at wide frequency of 45GHz to 65GHz
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(a) M11: concrete (smooth) (b) M11: concrete rough
(c) M11: tiles
Figure 3.27: 3D plots of M11: Materials at wide frequency of 45GHz to 65GHz
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3.5 Conclusion
This chapter has presented the short-range transverse propagation measurements for
material characterisation analysis in the indoor laboratory area at a frequency range
of 40Hz to 50GHz. The Knife-edge diffraction (KED) is a suitable method to model the
diffraction observed in the material sample measurements at the penumbra region before
entering the umbra region.
Three sample materials have been used for the initial measurement with 20mm
resolution, and additional two materials were used in the wide band measurement
with a finer resolution of 2mm. Outcomes from these materials showed success with
diffraction and attenuation, but in order to fully understand attenuation, reflection of
the materials need to be acknowledge first.
A further measurement study using a programmable finer-resolution material surface
scanner for detailed reflectivity measurements has been conducted. This wideband
frequency measurement (45GHz to 65GHz) shows that the reflected signal was dependent
on surface roughness. When a wave hits on a rough surface, waves scattered in all
directions. This reduces the reflection directly back to the receiver but does not identify
the direction of the scatter. Furthermore, the reflected signal contains frequency-varying
diffraction ripple that has to be taken into account in the data processing. Average of the
reflection coefficient, M11, with respects to metal; results in approximately 6dB difference
for concrete of both surfaces and 5dB different for tiles. Differences between surface
irregularities of a concrete slab also contributed to the value of reflection coefficient
(0.6dB different). Average of M11 over a wideband frequency provides the outcomes of
reflection coefficient as the frequency increases.
The wideband measurement used a metal plate as reflector references (short circuit),
but this is not an ideal condition because of this of size limitation (40x40cm). The
observation did not account for material thickness and the signal travel in the material
(attenuation), and hence the latter work focused on reflectivity. For future works, the
larger size of metal needed to eliminate the effect of diffraction especially at the edges.
This study has only identified the benefits (and limitations) of the technique to deter-
mine material properties from small samples. Additional measurements with various
type of materials (and thickness) are needed to increase the reliability and validity of
surface materials towards the received signals. For future works, the larger size of metal
needed to eliminate the effect of diffraction especially at the edges. Development of













ANGULAR BASED MEASUREMENT FOR MATERIAL
SCATTER CHARACTERISATION
The previous chapter has identified that an understanding of the reflective properties
of materials is essential before factors such as material attenuation can be considered,
simply because the amount of signal penetrating the sample material (air-sample in-
terface) must be accurately known. The study only considered the normal incidence
signal at millimetre wave frequencies and materials surface features can be responsible
for scattering away from the normal. Hence the level of signal penetrating the sample
cannot be completely measured from the normal-incident measurements as performed
in Chapter 3.
As reviewed in Chapter 2, the setup when either the transmitter or receiver is fixed,
or the other one is movable (in angular form) was the common measurement setup for
the detection of reflection mechanism both specular and diffuse scatter either indoor or
outdoor scenario in higher frequency bands.
However, to fully characterise a sample, all angles of departure from a sample for all
possible angles of arrival (in both θ and α) needs to be undertaken, Furthermore, the
irregular nature of most materials and the frequency-dependent of the scatter needs to
be taken into account with wide-band measurements of a number of samples of over a
wide area of one sample to produce average values of scatter and some idea of limits of
scatter of a sample. This is clearly a mammoth task since the data may also be dependent
upon the size of the sample (i.e. diffraction as highlighted in Chapter 3).
This chapter provides the different setup and procedures of angular measurement
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for material reflection characterisation. The material under test rotates (angular) while
the transmitter and the receiver are kept stationary.
Section 4.1 will starts with angular measurement in a controlled environment of the
anechoic chamber. Measurements were conducted at a frequency of 20GHz. However,
measurement at lower frequency also has been conducted to observe the trends in
beamwidth as the frequency increases.
The method consists of illuminating a sample material and using a second antenna to
receive the signal from the sample that is positioned 90◦ with respect to the transmit an-
tenna. The calibration of the measurement range and processing of the data is presented
with the means to identify the reflectivity versus angle (scatter) at frequency of 20GHz
and a number of samples are considered: metal, concrete and wood. This ‘raw’ data is
then processed further in Section 4.2, and the relative features with respect to the metal
reflector are established as a means to remove range path loss (for the chamber’s 5m
range).
Section 4.3 presents the measurements for a much shorter range and without the
need for the anechoic chamber. The same measurement process was used for samples
materials at 20GHz and 60GHz, though with here smaller samples sizes were used.
Samples here included metal plates, concrete, wood and ceramic tiles. The tiles were
actually a number of tiles (approximately 2x2) with grouting in between and mounted
on the plasterboard.
The analysis continues for a different type of materials and comparison between
the various size of the metal plate. The results will be calibrated, analysed and pre-
sented and measurement validation based on the comparison from the anechoic chamber
measurement was performed before the chapter ends with a summary of contributions.
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4.1 Angular Measurement Setup: Reflection and
Material Properties Analysis
This section will describe the angular measurement process. These angular measure-
ments are conducted in a controlled environment of an anechoic chamber at a frequency
range of 5GHz to 22GHz. This section aims to examine the reflection (normal and diffuse
scatter) effect for material under test as the material rotates.
The measurements are performed over a 5m range with two antennas located at
either end of the 5m range and placed at 90◦ to each other pointing towards the sample.
Measurements of metal, wood and concrete were undertaken at varies frequencies
with metal plate primary acting as (perfect reflector) reference for the other samples.
Measurements are a performance for ‘azimuth only’, though samples could potentially
be rotated so that other planes could be analysed.
FIGURE 4.1. Measurement setup in anechoic chamber
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4.1.1 The measurement setup
The angular measurement was conducted in the University of Bristol’s pyramidal-cone
anechoic chamber. The chamber was designed and certified by Emerson Cuming with a
dimension of 8m (long) x 5m (wide) x 4m (high) [104]. The anechoic chamber provides a
controlled environment where both the antenna and measurement devices are isolated
from outside multipath signals and interference.
The transmit and receive antennas are identical wideband horn antennas that
can transmit separately two polarisations and are connected to the ports on VNA. The
wideband antenna is the circular horn with 3dB beamwidth of 10◦ at 18GHz and aperture
diameter of 135mm.
The material under test is placed at a distance of 5.2m from the transmit antenna and
is fixed on a rotating stand. The rotating stand of 1.5m high is mounted on a turntable,
which can be automatically rotated from −180◦ to 180◦ by the use of motors. The transmit
antenna mounted on the pole of 1.3m high and at a right angle to the receiving antenna.
The receiver antenna is placed at the chamber door, 2m away from the rotating stand
pointing directly to the centre point of material under test. Figure 4.1 illustrate the setup
as in the anechoic chamber.
FIGURE 4.2. Schematic diagram of reflections and direct transmission path
between transmitter and receiver (diagram not to scale)
Figure 4.2 shows the schematic of the setup with possible reflection and illumination
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on the MUT. Based on this figure, there are three main paths of LoS, reflected from
MUT (main body) and diffraction from all edges. The reflected is therefore subject to
diffuse scatter. LoS is the direct transmission path between the transmitter and the
receiver antennas. L1 is the incident path, while L2 is the reflected path. The black
arrows shows the ideal condition when the incident and reflected angle at 45◦; while the
red arrows indicate the possible reflections for diffuse scatter reflections and the blue
arrows indicate the possible diffraction at the edge of the material.
Figure 4.3 show the setup of the three setup positions of angular measurement as
seen from the receiver position. In the figures, as an example; 4 concrete slabs were fixed
onto the rotating stand and rotated from −180◦ to 180◦ in a counter clock-wise direction.
The stand is 1.5m high and was designed to hold a maximum of four blocks of concrete
slabs with the total size of 80cm x 80cm.
(a) −90◦ (b) 0◦ (c) 90◦
Figure 4.3: Three setup positions of angular measurement as seen from the receiver
It can be seen in Figure 4.3 that by keeping the antennas fixed and moving the
sample, the angle of arrival (illumination) normal to the material surface and the angle
of departure of the ‘main’ signal normal to the surface add up to the 90◦ orientation of
the two antennas.
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FIGURE 4.4. Schematic diagram of fixing the sample and moving the transmit
and receive antennas in all incident angles (diagram not to scale)
This is not the same as fixing the sample and moving the transmit and receive
antennas in all incident angles as in Figure 4.4. It is therefore clear that only a sub-
sample of all possible angles for the transmit and receive antennas are possible here.
Here ‘azimuth’ only is considered, though the reality is that the material characteristics
will depend upon its area and hence a 3D version would be required (with elevation)
for complete material characterisation. So only azimuth is considered in this work. The
drawback is that not all angles can be determined, though enough can be in order
to suitably understand the nature of the material reflectivity. However, keeping the
antennas fixed, as with the method described in the previous chapter, means that cable
movement is not an issue that will result in signal level fluctuations.
4.1.2 Metal plate as calibrated reference
The issue with all practical measurements is the ability to produce robust (repeatable)
measurements and to be able to calibrate to remove measurement uncertainly or for
range/equipment calibration. The calibration of the range therefore requires the use of
a reference sample material (in the same way that for VNA calibration a short circuit
is used to identify distance). Ideally the sample should have infinite area (clearly not
possible), but should be sufficiency large to be illuminated by the transmit antenna and
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its reflectivity suitable focussed to the receive antenna with sufficient power to give a
good dynamic range for the material comparisons.
In this section, the analysis of metal plate for various frequencies was conducted. A
metal plate of size 70cm x 70cm was placed on the rotating stand and rotated in 1◦ step
from −180◦ to 180◦ as in Figure 4.3. Four different frequencies of 5GHz, 15GHz, 20GHz
and 22GHz have been chosen for comparison, and several features can be identified from
these data.
Although ideally the work would concentrate on the K band 18-27GHz, the limitations
of the horn antenna available and losses due to cabling and amplification requirements
dictated the actual frequencies chosen, though the range allowed useful comparison
of the frequency-dependent effects of the sample (physical and electrical) size and the
surface roughness.
The 5GHz measurement is outside the range of interest for this thesis but was
considered as a useful comparison for the technique since the antenna has a much wider
beam at this frequency and hence a more uniform illumination of the MUT.
Figure 4.5 shows the raw data for the metal plate that includes the reflection from
the plate and the LoS from the transmit antenna. It can be clearly seen that the sample
position where the range of illumination equals the angle of reflection is around −45◦
and also repeated at 135◦ as this is the ‘back’ of the sample. Ideally the peaks should
be exactly at −45◦ and 135◦ if the transmits and receive antennas are exactly 90◦ - the
small offset is a result of the difficulty in setting this up completely accurately, though
does not significantly affect the outcomes of the measurements (reflectivity and scatter).
Differences between maximum levels can be attributed to antenna gains (increasing
with frequency) and cabling losses (increasing with frequency). The reflected levels away
from the peaks depend upon the LoS signal (higher at 5GHz due to the wider beamwidth)
and the diffraction from the edges of the samples (ripples). The LoS has the effect of
reducing the ‘reflecting’ dynamic range, while the sample size will influence the level of
reflection and distribution of ripple (peaks and nulls).
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FIGURE 4.5. Chamber measurement: Metal plate frequency comparison (raw
data)
There is therefore a need to systematically process this data to remove the LoS signal
and hence allow the effect of the reflection-only to be analysed. Figure 4.6 therefore
shows this process in detail. The flow diagram summarises the calibration procedure
that will be used for the whole analysis in this chapter.
In this flow diagram, two methods of data processing are shown with an example
based on this frequency comparison measurement results.
1. The first process removed the line of sight data from the raw data by applying the
background subtraction to extract the reflected or attenuated signals. This method
will reduce the ripple in the data set.
2. The second process normalised to the maximum at 0dB. This normalisation shifted
and scaled the data to the maximum value with the intention to ease the compari-
son between the data.
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FIGURE 4.6. Calibration Process
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After LoS removal it can clearly be seen that for the 5GHz data set especially, the
ripples away from the 45◦ reflected path are not significantly deeper as these were ‘filled
in’ by the LoS signal. There is less impact with the higher frequencies as the LoS is lower
due to a more directive antenna beam.
The final stage is the normalisation of the data sets with respect to the peak values.
The purpose of this normalisation is to allow comparisons of beam shape, ripple regularity
and levels and comparison of reflectivity and scattering from other material samples.
Here the path loss, cabling, amplifier and antenna gains are ‘removed’. The gains are
frequency-dependent so the relevant metal calibration has to be applied and also the
sample sizes will yield different ‘reflective gains’ so other material samples should be of
a similar size or else results adjusted to compensate for this. In these measurements,
the samples were almost identical in size.
Both the data processing procedures has been applied in Figure 4.7 to have a better
understanding of how the rotation affects the received signal as the material rotates.
In this figure, a sample of the signal between the range of −100◦ to 0◦ where the first
highest peak occurred was selected to be further discussed.
FIGURE 4.7. Metal plate frequency comparison (normalised data)
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As wavelength concern, an increase in frequency leads to a decrease in wavelength.
At 5GHz the wavelength is 0.06m, 15GHz of 0.02m, 20GHz of 0.015m and 22GHz of
0.013m. The metal plate that been used in this measurement is 0.7x0.7m in size which
indicates 11 times to 50 times larger than the wavelengths. The fundamental analysis is
to count the ripple or number of null points in a certain range of (−60◦ to −40◦) where
the peak occurred for all the frequencies measured. This is the maximum reflection area
or at the main beam that the signal produced as it hit the metal plate. Based on this
calculation, the ripples or number of null points at 15GHz, 20GHz and 22GHz are three
times more than ripples points at 5GHz. The ripple of the beam increases as frequency
increases.
The 3dB half-power beamwidth (HPBW) also be deduced from this normalised figure.
5GHz frequency only have a 3◦ angle of beamwidth, while 5◦ at 15GHz, 4◦ at 20GHz
and 3◦ at 22GHz. Even beamwidth or roll off at the range of (−60◦ to −40◦) wider as
frequency increases, but the beams tend to converge at the peak of the signal.
The antenna used is a wide-beam antenna. Therefore the wider beam would illumi-
nate the metal plate better, and this would give a narrow-reflected beam. The aperture
is the same, but the field illumination will be different. Increasing in frequency will lead
to reducing in distance range; thus; the area of cross section being illuminated will be
less, resulting in the narrower beam as the material rotated in Figure 4.7. The following
measurements will continue using the 20GHz as a tested frequency.
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4.1.3 Material comparison
In this subsection, the material comparison at 20GHz in the anechoic chamber will
be presented. The materials involved are a square metal plate (70x70 cm), concrete
(four slabs of concrete, each of 40x40cm with a thickness of 3cm - arranged in to form
80x80cm) and a wood of 80x80cm. The angular measurement setup in the anechoic
chamber as Figure 4.3 shows that the samples were all about the same size and placed
on the rotating stand.
The analysis will first present the raw data as in Figure 4.8. The figure shows the
comparison based at 20GHz in the range of −180◦ to 180◦ for all the three material under
test. There are a few observations from this figure;
• Firstly; the reflected signal. The metal plate has the highest reflected signal
compared to a concrete and wood.
• Secondly; the dynamic range of the observed signal. Metal plate has 30dB dynamic
range; concrete has 20dB and wooden stand of approximately 10dB dynamic range.
• Thirdly; the VNA noise floor can be seen at signal below -90dB.
FIGURE 4.8. Chamber measurement: Material comparison at 20GHz (raw data)
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To compare the reflectivity of material with respect to metal plate, the normalisation
to the maximum value of metal plate was conducted.
In Figure 4.9, the data for the concrete and the wood are shown with respect to the
(maximum) level of the metal plate. Hence the normal incidence reflectivity of the two
samples can be determined. Both contain ripples (due to surface effect as well as the
sample diffraction), though the latter can be clearly observed in the off-axis ripples.
Therefore the peak value may not necessarily be the most accurate way of identifying
the sample reflectivity and an average based upon an angular spread that takes in a
number of ripples (around 8◦) will give a more realistic value.
FIGURE 4.9. Chamber Measurement: Material reflectivity at 20GHz (nor-
malised data)
Table 4.1 therefore summarises the material reflectivity in terms of peak and average
values.
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Table 4.1: Material Reflectivity Level at 20GHz
Material Peak value, dB Average reflectivity “peak value"for 8◦ beamwidth, dB
Concrete -12.0 -16.3
Wood -19.1 -26.6
Subsequently, another data processing (normalised to the maximum values of each
material) was applied to the raw data and produce the results as Figure 4.10. The
reflected signal mainly distributed in the range of −60◦ to −40◦ angle and produce
approximately -30dB signal range.
This analysis concentrates on the relative shape of the beams. It can be clearly seen
that the metal plate has by far the narrower beam there should be no diffuse scatter)
and the beam is only affected by the size of the material (shown here as ripples) and the
extent of the illumination (antenna pattern and range). The material will not therefore
be uniformly illuminated, and this will influence beamwidth and peak reflectivity levels.
Beamwidths for samples are different and additional ripples can be observed.
FIGURE 4.10. Chamber Measurement: Material comparison at 20GHz (nor-
malised data)
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The surface material for metal plate, concrete and wood are different, therefore
averaging between −100◦ to −60◦ and −35◦ to 0◦ from the normalised data will determine
the additional ripples (probably diffraction or diffuse scatter level) that raised from the
surface of these materials.
Table 4.2: Chamber Measurement at 20GHz: Average diffraction/diffuse scatter level of
materials
Material
Average Diffraction/Diffuse scatter level
at the range (dB): 3dB HPBW
−100◦ to −60◦ −30◦ to 0◦
Metal plate -41.9 -40.58 5◦
Concrete -33.59 -33.3 7◦
Wood -23.34 -23.05 7◦
Table 4.2 tabulated the average value for the range of interest and summarises the
outcomes from the beamwidth analysis. Due to these average data, concrete yield a
higher diffuse scatter level compare to metal plate because of different surface structure
of the material.
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4.2 Short Range Angular Measurement
The issue with cable attenuation and range ‘losses’ mean that extending the angular
measurement to include 60GHz frequency band was not possible with the aforemen-
tioned set up. The technique was useful to extract relive reflectivity and diffuse scatter
properties, and hence a shorter range version was tested. In order to reduce cable losses
while maintaining a suitable signal level above the noise floor of the VNA the set up was
positioned close to the VNA ports and used the VNA high specification cables only (no
additional amplification). Outside the chamber could results in more spurious reflections
not associated with the sample, but given the distances to possible reflective surfaces,
these would be minimal and also absorber was placed in front of obvious surfaces. In this
set up the range is therefore significantly reduced and this meant reduce size samples.
Measurements at 60GHz were then possible with comparison made at the lower 20GHz
to allow comparison with the previous chamber measurements.
FIGURE 4.11. Short range measurement setup
The angular measurement was conducted in a smaller area in front of the VNA. The
distance between both the transmitter and receiver antenna to the centre of the material
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was fixed at 50cm. The material under test (MUT) was placed on the positioner that
was fixed on top of the rotating platform. Standard gain horn antenna of the frequency
range between 17.6GHz to 26.7GHz with approximately 19◦ of 3dB beamwidth and an
aperture width of 52mm was used for both the transmitter and the receiver. Figure 4.11
shows the short-range measurement setup in the laboratory area.
4.2.1 Material comparison in short-range measurement
The material under test (MUT) and dimension are tabulated in Table 4.3. The reflected
and diffracted signals from these materials will be observed and analysed.
Table 4.3: Material under test (MUT)
Material under Test (MUT) Size/cm Thickness/cm
metal plate 40x40 <1.0
concrete slab 40x40 3.0
wood 40x40 2.0
tiles 40x40 2.0
The first set of results refer to measurements at 20GHz. The raw data is shown in
Figure 4.12 with the maximum occurring at 45◦ and 135◦ as previous. The observation
was made based on comparing the peak signals of all the materials. Metal plate has
the highest peak at -25dB, concrete slab of -27dB, tiles of -33dB and lastly wood with
approximately -38dB of reflected signal.
The analysis of the samples then followed the same process. Comparison of sample
levels with respect to the metal plate to yield maximum reflectivity levels and nor-
malisation with respect to each sample maximum to yield beamwidth and diffraction
ripple.
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FIGURE 4.12. Short range measurement: Material comparison at 20GHz (raw
data)
FIGURE 4.13. Short Range Measurement: Material reflectivity at 20GHz (nor-
malised data)
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The relative reflectivity is shown in Figure 4.13. Again the maximum values may not
be a true outcome of the material reflectivity so the results presented in Table 4.4 show
the peak relative values and those average over a 8◦ range. The concrete is significantly
more reflective that the wood, but here the ceramic tiles (not considered before) lie
between these two.
Table 4.4: Short Range Measurement: Material Reflectivity Level at 20GHz




Although LoS subtraction was performed (a measurement with no material present),
the concentrated beams from the antennas mean that the LoS was not identifiable and
hence had no impact in this case. For these measurements, the samples were located in
a vice below the sample that meant that the ‘front’ and ‘back’ of the samples could be
observed obscured. This is clear in the data presented with relatively similar responses.
FIGURE 4.14. Short Range Measurement: Material comparison at 20GHz (nor-
malised data)
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Figure 4.14 shows the reflected signal in the range of −100◦ to 0◦ of rotation. Based
on this figure, the beamwidth of each material between the range of −60◦ to −30◦ will be
further analysed. A metal plate and concrete slab have practically identical beamwidth,
while wood has a bit narrower and lower beamwidth. However, tiles tend to have the
peak beamwidth at the range of −50◦ to −30◦, therefore the narrowest between all the
materials.
The same analysis as in Section 4.1.3 was applied to these material. The diffuse
signal levels for the specific range are tabulated in Table 4.5.
Table 4.5: Short range measurement: Average diffraction/diffuse scatter level of materials
at 20GHz
Material
Average Diffraction/Diffuse scatter level
at the range (dB): 3dB HPBW
−100◦ to −60◦ −30◦ to 0◦
Metal plate -32.91 -29.58 7◦
Concrete -35.04 -29.15 7◦
Wood -28.88 -28.07 7◦
Tiles -26.32 -24.98 5◦
Based on Table 4.5, there are variations of diffuse signal level for both ranges of
rotation. Concrete with -32.91dB and -29.58dB have the highest value of attenuation or
diffuse signal. This is due to the surface irregularities of concrete that rougher compare
to other material.
4.2.2 Metal Plate Size Comparison
In the previous measurements and analysis, the size of the metal plate reference has
been fixed. However, in order to better understand the impact of the reference on
measurements (reflectivity, illumination etc.) this section considers a number of metal
(aluminium) plates of various areas.
In this measurement, metal plate analysis was conducted for various size of the metal
plate at 20GHz. Table 4.6 show various sizes of metal plate for measurement.
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Based on Table 4.6, MetalA of 40x40cm acts as a reference. MetalA was chosen as
a reference as a continuation of the previous chapter’s material characterisation and
because the other sample materials are about the same size as this metal plate. MetalA
has an area of 1600cm2, MetalB is approximately half the size with 625cm2 and MetalC
is an approximately has a larger area of 4900cm2, and MetalD is a circular plate with a
cross sectional area of 1256cm2.
Figure 4.15 shows the raw data of the metal size comparison. These raw data are
essential to observe the trends for reflected signal and diffraction at the edges of materials
as it fully rotated from −180◦ and 180◦. The beamwidth for all the materials have
approximately the same maximum value and width at the exact rotation angles.
FIGURE 4.15. Short range measurement: Metal size comparison at 20GHz (raw
data)
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In this figure, MetalB is slightly higher than the MetalA reference, even though
the sample size is smaller and hence would be expected to have a lower gain. However,
there is actually very little discernible difference in these samples as can be noted with
the beamwidth analysis, Figure 4.16. The ripple away from the main beam (‘off-axis’)
clearly show more ripple per degrees for the larger sample (MetalC) but that the smallest
sample (MetalB) has the narrower beam but also higher off-axis levels. Therefore, the
smaller size of MetalB contributed to higher diffraction effect at the edges compared to
the other two materials.
For further analysis, the raw data have been undergoing the two process of calibration
to eliminate the path loss with respect to the line of sight, LoS and aligned to the
maximum value of the signal received.
Figure 4.16 shows the normalised data to the maximum level of S21 in dB in the
range of −100◦ and 0◦. Based on this figure; the size of the reflected beamwidth signal is
increase with the increase of metal plate size. The diffracted signal at the edges decreases
with an increase in metal plate size. A diffracted signal level below −65◦ angle of rotation
shows approximately 5dB different in signal level. This trend also can be seen at the
angle above −30◦.
FIGURE 4.16. Short Range Measurement: Metal size comparison at 20GHz
(normalised data)
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In addition, shape or dimension comparison also being conducted through this mea-
surement.
Approximately the same size but different shape of metal plates has been investigated
in Figure 4.17; MetalD is a circular metal plate with a diameter of 0.4m. Based on
observation from the raw data, both signals produced the same curve and approximately
the exact number of ripples or null points.
Further analysis was conducted by performing the two steps of normalisation. Based
on Figure 4.18, Therefore the shape of the material does not contribute to the reflected
or diffracted signal.
FIGURE 4.17. Short range measurement: Metal shape comparison at 20GHz
(raw data)
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FIGURE 4.18. Short Range Measurement: Metal shape comparison at 20GHz
(normalised data)
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4.2.3 60GHz Material Comparison in Short-Range Measurement
The same setup was used for 60GHz. Standard gain horn antenna of the frequency range
between 49.9GHz to 75.8GHz with a half power beamwidth of 10◦ approximately and
aperture width of 19mm was used for both the transmitter and the receiver.
The same calibration processes have again been applied for these 60GHz data set.
The value LoS (measurement when there is no material on the positioner) is so low
compared to the other values that the first normalisation process does not demonstrated
much different values. In Figure 4.19 the noise floor of the analyser is clearly present
though the possible dynamic range of the observed signal is around 30dB.
FIGURE 4.19. Short range measurement: Material comparison at 60GHz (raw
data)
The analysis of the samples at 60GHz then followed the same process. Comparison of
sample levels with respect to the metal plate to yield maximum reflectivity levels was
first conducted and then normalisation with respect to each sample maximum to yield
beamwidth and diffraction ripple.
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FIGURE 4.20. Short Range Measurement: Material Reflectivity at 60GHz (nor-
malised data)
The relative reflectivity is shown in Figure 4.20. Again the maximum values may not
be a true outcome of the material reflectivity so the results presented in Table 4.7 show
the peak relative values and those average over a 8◦ range. The concrete is significantly
more reflective that the wood, but here the ceramic tiles have the highest reflectivity.
Table 4.7: Short range measurement: Material Reflectivity Level at 60GHz




Figure 4.21 shows material comparison after normalised to the maximum of each
data set. Based on this figure, the roll-off from −60◦ to −45◦(peaks) are the approximately
the same for all materials and it’s about 20dB. The beamwidth difference within this
range also can be deduced,
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FIGURE 4.21. Short Range Measurement: Material comparison at 60GHz (nor-
malised data)
The next analysis is to observe at the ripples away from the peak and see if they are
noise or repetitive ripples, hence try to determine the usable signal level above noise.
This has been done by averaging all the normalised data in the range of −100◦ to −60◦
and −35◦ to −0◦ and 3dB HPBW were carried out and tabulated in Table 4.8.
Table 4.8: Short Range Measurement: Average diffraction/diffuse scatter level of materi-
als at 60GHz
Material
Average Diffraction/Diffuse scatter level
at the range (dB): 3dB HPBW
−100◦ to −60◦ −35◦ to 0◦
Metal plate -32.19 -29.25 5◦
Concrete -27.06 -24.55 7◦
Wood -23.81 -22.14 7◦
Tiles -24.92 -22.65 5◦
Based upon these average data, metal apparently have the highest reflection signal,
followed with concrete that -6dB below metal, tiles with -7dB different and wood with
approximately -12dB below reflected signal of metal. Noted that for tiles, the surface of
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the tiles produced high reflectivity, but area where with grouting on tends to reduce the
reflectivity. The tiles showed a series of ripples and these tie in with the number of tiles
(3 whole of part of tiles with two gaps). After correctly normalised, the tiles give a wider
beam spread hence higher scatter, though overall lower reflectivity. The same trends of
reflected and diffuse scatter signal can be observed both at 20GHz and 60GHz.
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4.3 Conclusion
In this chapter, a method to identify peak reflectivity levels and material scatter has
been suggested, and outcomes from practical measurements have been presented. The
method depends on the rotation of the sample and the analysis of the resultant data set
that shows the main beam and diffraction/diffuse scatter lobes. The main beam occurs
at 45◦ and 135◦, and the analysis includes the level of the main beam and the width of
the beam. The level is indicating reflectivity (using a metal plate as a reference) and
beamwidth an indication of the scatter (though as results have shown this is not always
conclusive due to their influence of the illuminating antennas beamwidth). Results were
presented for chamber measurements for 5GHz to 22GHz and a shorter range at 20GHz
and 60GHz for a number of material samples.
In chamber measurements, the beamwidth and the roll-off increase as frequency
increases. The increase in the roll-off represents the increase in the visibility of scatter
at a higher frequency. The relative reflectivity of materials at 20GHz with respect to a
metal plate showed that a difference of -12dB for concrete and -19dB for wood. Average
reflectivity of the peak value for 8◦ beamwidth also showed how less reflective concrete
at -16dB and wood at approximately -26dB.
For short-range measurement, at 20GHz, the relative material reflectivity level
showed that a difference of only -3dB for concrete, -7dB for tiles and -10dB for wood. The
differences level for concrete and tiles are contras. This because of the frequency (and
beamwidth) versus distance range. Subsequently, at 60GHz, the peak value of material
reflectivity showed a better value with -0.9dB for tiles and -2.8dB for concrete, while
wood has less reflectivity value at -7.7dB.
This chapter provides measurement with respect to the metal plate as a model refer-
ence. The calibration process was applied to eliminate the LoS effect and normalisation
to the maximum value of the metal plate to obtain the reflectivity values of the materials.
This model of metal plates and antenna beam pattern are useful to better understand
the diffraction, illumination and gain of materials.
Future works include measurement for metal with corrugations in order to have a











INDOOR SCANNING; OBJECTS IDENTIFICATION AND
PROPAGATION MECHANISM
In the previous chapter, the effect of diffuse scatter was seen in the rotated sample
materials as showing up as increased beamwidth with respect to the reference flat metal
plate. The distance to the sample has an impact on the data as well as the size of the
single, isolated sample. The next stage of analysis was then to consider how the size,
orientation, proximity and number of objects might impact on the signal received at a
transmitter as opposed to just considering a single sample material.
The thinking behind this was mainly to identify where there was a need to fully
characterise a particular material for use in a deterministic model, or whether the
combined effects of its position in an environment surrounded by other scatterers would
reduce the impact of the diffuse scatter. The work is therefore less to do with diffuse
scatter and more to do with object identification and their perceived size as seen at
a receiver. For instance, would two closely-spaced reflectors be seen as two separate
entities or as one wider entity.
The first part of this chapter presents (3D) azimuth-elevation scan measurements
for materials placed inside an anechoic chamber, thus identifying the area of mate-
rial reflection. This environment allowed total control of placement of objects to study
reflection and diffraction. Due to cabling and amplifier constraints, the work here con-
centrated on the 22GHz measurements to allow suitable dynamic range to be observed
and measurements were undertaken for a 5m inside the chamber but also included
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some measurements for a transmitter placed outside the chamber (with doors open) as a
prelude for a second set of propagation measurements. Here metal and wood poles and
plates were used as the sample materials.
The second set of measurements were for the indoor laboratory and adjacent office
environment, again at a frequency of 22GHz. Here there is no control of the reflection and
diffraction mechanisms but allows identification of the dominant propagation paths, and
hence features (in terms of size and material) that have to be included in deterministic
modelling tool and those that may be less important or of no significant consequence. This
is again uses azimuth-elevation scans to pinpoint these features in space and determine
their size and influence.
Section 5.1 therefore describes the radar cross section theory that is relevant to
the scenarios being used in this chapter of work and therefore focuses on metal plates
and cylinders. The use of a metal cylinder is seen as a particularly good object to allow
calibration of the environment. Its rotational symmetry generates and omni-direction
reflection pattern for any incident signal angle of arrival. Although azimuth-elevation
scans is being used, most angles of arrival at the receiver are predominantly ‘azimuth’,
being mainly within range of ±45◦ in elevation. An alternative, such as a metal plate,
would give a higher reflection so long as the ‘correct’ angle of arrival and departure were
observed and therefore no reliable.
Section 5.2 details the measurements that were conducted in the anechoic with cylin-
drical poles and flat plates. A series of measurements allows identification of the location
of the samples, reflectivity of the samples and the effect of distance between samples.
Calibration for range and removal of the Line of sight path allows better definition of
the object and furthermore the use of the known path lengths from transmitter directly
to the receiver and the transmitter-to-scatterer-to-receiver allows an estimation of the
scattering from objects in terms of ‘gain’ and radar-cross-section. Also, by placing the
transmit antenna outside the chamber (with doors open) the diffraction effects can be
observed.
Section 5.3 then considers a series of measurements in the laboratory environment
with the receiver position (azimuth-elevation scanner) fixed and the transmit antenna
placed at various locations in the laboratory space and adjoining office space. Here
reflectivity of object and propagation, through and round walls could now be observed.
Range calibration could also be carried out here using a close by transmit reference
measurements and hence ‘gain’ and RCS of the object featured could again be estimated.
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5.1 Radar Cross Section of Material
Even though there is a considerable number of publications relating to propagation in
indoor and outdoor environments (as has been outlining in Chapter 2, section 2.4), these
environments are complex, and hence data is heavily dependent on the amalgamation of
reflections, diffraction and other propagation mechanisms.
In order to obtain the best indoor scanning measurement data, the object identifi-
cation measurements in a controlled environment need to be conducted first. This is
to detect or identify which materials will act best as a reflector, diffract or attenuate
at 22GHz of frequency. This work aimed to get a basic understanding of the scattering
from common shapes and to tie this in with known theory relating mainly to Radar
Cross Section. Focusing on the metal poles, this section will also look into another type
of materials. From these object identification measurements, the signal strength reflects
the radar cross section concept.
The radar cross section (RCS) of a target σ, is defined as the area intercepting that
amount of power which, when scattered isotropically, would ppoleuce an echo at the
receiver equal to that observed from the target [105]. The basic concept of radar is to
detect or track a target and ability to identify the target from the echo signal [106].
Therefore; in the design and operation of radars, the ability to quantify or represent the
echo signal in terms of target characteristics (size, shape and orientation) are essential.
The operation of radar also involves the propagation mechanism of the signals [107].
The radar transmitter transmits a signal towards the target or object and upon incident
on the target, reflect and scatter in all direction. The reflected and scattered signals
propagating in the direction of the receiver are captured and processed by the receiver.
The reflected and scattered signal are due to the target properties and the medium
surrounding it. Thus, the amount of power reflected and scattered towards the radar is
determined by the Radar Cross Section (RCS) of the target [108]. The radar equation is
as follows:






Table 5.1 provide the Radar Cross Section equation, σ for three simple target object.
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Table 5.1: Radar Cross Section (RCS) of simple target object [2]
Simple Target Object Dimension RCS equation
Sphere σ=πr2independent of frequency
Square plate σsquare = 4πw2h2λ2
Cylinder σcylinder = 2πH2rλ
5.1.1 Theoretical validation with Radar Cross Section
In order to make the object identifications more precise and assuming metal pole as
calibrated references, it is indispensable to investigate and analyse the radar cross
section generated by the object. These beamwidth patterns represent the reflection
mechanisms in the interaction process of the signal with the object or the dimension of
the object.
There are a number of alternative ways that the RCS may be expressed that may
also help with the range calibration. Taking Equation 5.1, this can be rearranged in to
Equation 5.2 and here expressed in terms of the practical S21 VNA measurements that
will be described in Section 5.2.
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where G tGr are the antenna gains, RTS and RSR are the range transmit scatterer and
the range scatterer to receiver.
These can be separated out into the product of the two path losses and an object gain,
Gs, giving Equation 5.3. Basically this would be like the scatterer acting as an antenna
relay that has a gain , Gs.





If the direct path between transmitter and receiver is known, then the standard path





This therefore allows the calibration of the system without necessarily having to
explicitly know the antenna gains of the transmit and receive antennas. In practice the
measurements must also include cabling and any system amplification from/to the VNA
ports and hence these too are not needed to be known as Gs can be found by ratioing
Equation 5.3 and Equation 5.4. Equation 5.5 is this but written in terms of decibels.
G2S = S21 −S21(TR) −PLTR +PLTS +PLSR [dB] (5.5)
Comparison of Equation 5.2 and Equation 5.3 together will show the conversion be-
tween RCS, GS and also the affective area of the object, Aeff, based upon the relationship












5.2 Object identifications measurement
The object identification measurements were undertaken in the anechoic chamber in
order to have total control of the scattering environment, and to allow a direct (un-
obstructed) path from transmitter to receiver to be used for range calibration. The
measurement will first focus on reflections from metal poles. The metal pole is a cylinder
with 1.85m high and a radius of 0.03m. The measurement will be conducted at 22GHz
with two types of horn antennas as the receiver. Further on, the results will be validated
using the radar cross section theory that has been described and calculated based on the
said dimension of cylindrical metal pole.
5.2.1 Measurement setup
Figure 5.1 shows the plan of the anechoic chamber and the positions of the azimuth-
elevation receive antenna (located at coordinates x=0m, y=0m) and the initial position of
the transmit antenna.
FIGURE 5.1. The schematic diagram of University of Bristol anechoic chamber
The skirt dipole antenna as in Figure 5.2 operating at 22GHz was used as a transmit-
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ter. In all these measurements the dipole was placed vertically to give only a vertically-
polarised, omni-directional signal in the azimuth plane. This meant that the signal from
the transmitter to the receiver for all measurements depended only on the amplifier,
cables and path losses, and the directive gain could be assume the same for all azimuth
angles. A rectangular aperture horn antennas was used as a receive. The rectangular
horn antenna has a half power beamwidth (HPBW) of 18.5◦(E-plane) and 17.8◦(H-plane)
at 22GHz.
FIGURE 5.2. The skirt dipole antenna
5.2.2 Object Identification: Metal pole
In this measurement, the setup for transmitter and receiver are set to be as Figure
5.4(a). The measurement will start with a single pole to identify the levels of reflections
and subsequently with two poles. This is to identify the levels of reflection for two poles
with respect to the one pole and the relative level and whether there are two distinct
reflections or else merged into one.
The dimension of the cylindrical metal pole is 1.85m high with radius of 0.03m.
Therefore, σ can be calculated based on equation in Table 5.1 to be approximately
43m2. Based on the measurement in the chamber, the distance between the cylinder
metal pole to the transmitter antenna is 6.2m and the distance to the receiver antenna
is 2.2m. Noted that the cylindrical metal pole was placed at 125◦ to the right of the
transmitter. Based on these calculation, the comparison between theoretical value versus
the measurement values will be discussed after the results analysis.
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For this part, there are three configurations involved to place the metal poles as
follows and shown in Figure 5.3 and describes as follows:
(a) first (b) second (c) third
Figure 5.3: Three configurations of the metal pole in the anechoic chamber
1. The first configuration: one metal pole was placed at 125◦ with respect of the
receiver as in Figure 5.3(a).
2. The second configuration: two metal poles were placed at 125◦ with respect of the
receiver as in Figure 5.3(b); where the two metal poles were placed next to each
other.
3. The third configuration: two metal poles are place wider apart (0.45m) as de-
picted in Figure 5.3(c). This configuration aims to differentiate the reflected signal
strength when the surface area increases and when there is an air gap between
the two materials.
For this initial analysis only the azimuth plane was chosen (rather than full azimuth-
elevation scans) as the poles were all on the same plane and the effect of azimuth
separation only was being examined here.
Figure 5.4 shows the schematic diagram of the first configuration in the chamber and
the polar plot respective gain with respect to LoS as shown in Figure 5.4(b). Based on
the polar plot, the main beam and the reflected lobe are align to the transmitter and the
metal pole. The reflected beam gain, as in polar plot is -25dB with respect to the main
beam.
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(a) Location of one metal pole (b) Polar plot of one metal pole at 22GHz
Figure 5.4: Metal pole as reference
(a) Location of two metal poles (b) Polar plot of two metal poles at 22GHz
Figure 5.5: Two metal poles configuration
The second and the third configurations as Figure 5.5 and Figure 5.6 produce a
distinctive polar plot. When the pole placed next to each other as in Figure 5.5(a), there
is a different of 5dB (reflected signal) between the adjacent metal poles. Meanwhile, in
Figure 5.6(a) where the two poles are further apart (0.45m), the reflected signals produce
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roughly the same reflected value with only approximately 2dB difference. The air gap
between the two poles is visible in the polar plot.
(a) Location of two metal poles (0.45m
apart)
(b) Polar plot of two metal poles (0.45m apart)
Figure 5.6: Two metal poles (wider apart)
Table 5.2 summarised the reflected signal of the metal pole in terms of Equation
5.5. From this equation, RCS, σ of the metal poles as respective position were obtained.
Based on earlier calculation of RCS, σ from theoretical, there are a great difference, but
with the same figure values.
Table 5.2: Metal poles Gain, Gs and RCS, σ
Metal pole configuration Gs, dB σ, m2
1 -25 0.45
2 a -23 0.41b -27 0.48
3 a -25 0.45b -23 0.41
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5.2.3 Object identifications analysis; various object
classification
The same method was employed to identify positions and reflectivity of a variety of
objects. The objects are selected based on the cylinder shape that can cooperate to the
theoretical calculation. The frequency of measurement maintained at 22GHz, and the
same configuration of transmitter and receiver in the chamber was used to identify
reflected signals from various other objects.
The objects selected are a PVC pole, wood pole, metal sheet, metal cylinder and a
plastic cylinder. Table 5.3 tabulated the dimension of the selected objects. The same
configurations as listed in previous subsection were used for this object identification
measurement. This configuration is intended to examine the effects of an other type and
dimension of an object in the presence of a dominant incoming signal. PVC and wood
poles are the same dimension as metal poles, however both are with different material
and composition. Metal and plastic cylinder in this case, are larger in diameter.
Table 5.3: List of objects for identification measurement
Objects Dimension (m)
PVC pole 1.85(H) x 0.06(D)
Wood pole 1.85(H) x 0.06(D)
Metal cylinder 0.5(H) x 0.5(D)
Plastic cylinder 0.5(H) x 0.5(D)
Based on the polar plot as in Figure 5.7, PVC and wood poles have a lower reflected
values of -30dB and -36dB even with same dimension. The theoretical calculation of
RCS, σ did not consider this parameters. There was approximately 10dB difference for
different type of materials.
Table 5.4 summarised the object gain for these four materials. Larger dimension of
metal cylinder and plastic cylinder reflected gain showed not much different from the
metal pole, but it clearly visible that the beams are wider as it illuminate wider area.
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(a) Wood pole (b) PVC pole
(c) Metal cylinder (d) Plastic cylinder
Figure 5.7: Azimuth scans at 22GHz for the four reflective materials
Table 5.4: Object Gain, Gs and RCS, σ
Objects Gs, dB σ, m2
PVC pole -30 0.54
Wood pole -36 0.64
Metal cylinder -27 0.48
Plastic cylinder -23 0.41
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5.2.4 Beamwidth refinement
The beamwidth of the receive antenna impacts on the ability to angularly resolve closely-
space objects. In this section measurements a Flann dual polarised circular horn antenna
(see Section 4.1.1 for details) is used instead of the standard gain horn as it produces a
more directive main beam.
Figure 5.8 represents the all three configurations. Considering the directional an-
tenna used, the difference between these two configurations are very distinct. The
placement of the two metal poles even a few centimetres influenced the reflected signal.
The main beam of these plots were not observable at 1dB since its pointed downwards
slightly (-5dB to be exact). For first configuration as in Figure 5.8(a), the reflected signal
is -26dB. There are about -8dB different between the first reflected and the second
reflected signal as shown in Figure 5.8(b) for the second configuration. Subsequently,
approximately the same signal drop for the third configuration as in Figure 5.8(c) (the
beam seems narrowest).
Table 5.5 summarised the object gain and σ for this measurement. Generally, the
same values of object gain and RCS were obtained, but the beams were narrower
compared to the previous measurement.
Table 5.5: Metal poles Gain, Gs and RCS, σ
Metal pole configuration Gs, dB σ, m2
1 -26 0.46
2 a -23 0.41b -33 0.6
3 a -27 0.48b -32 0.57
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(a) 1st Configuration; single pole (b) 2nd Configuration; Two metal poles (0.3m apart)
(c) 2nd Configuration; Two metal poles (0.45m apart)
Figure 5.8: All 3 configurations: beam refinement at 22GHz
In a typical environment, there will be both curved and flat surfaces. The emphasis
so far has been directed towards the metal pole, but here consideration is given to
flat surface (in this case metal discs with 0.4m radius). The orientation of the disc is
important since only when the angle of arrival from the transmitter and departure to the
receiver are the same about the normal to the disc surface will the signal be a maximum
and away from this the signal reduces and ripples as seen in Chapter 4 results. Two
angles, 0◦ and 90◦, Figure 5.9, were therefore chosen as examples of plate reflectivity.
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(a) circular metal sheet at 0◦ (b) circular metal sheet at 90◦
Figure 5.9: Circular metal sheet with different angle of configuration
(a) circular metal sheet at 0◦ (b) circular metal sheet at 90◦
Figure 5.10: Polar plot of circular metal sheet with different angle configuration at
22GHz
Figure 5.10 show the polar plots of the two configuration of the metal sheet. The
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reflected signal of Figure 5.9(a) configuration only produced quite small reflection (-38dB)
as shown in Figure 5.10(a) compared to the configuration in Figure 5.9(b) with the polar
plot as shown in Figure 5.10(b) (-35dB).
The illumination angles and placement or configurations of the object in the chamber
affect the reflected signal strength.
5.2.5 Outside Anechoic Chamber
The previous measurements have all had the benefit of having visibility of the transmitter
and hence can use the directly LoS for signal reference. Here, the chamber doors were
open and the transmitter was placed outside the chamber so there was no directly LoS
signal path. In this measurement setup, there are two positions of transmitter antennas
for discussion, as shown in Figure 5.11.
The anechoic chamber has two doors. One at the same horizontal line of the receiver,
approximately 2.5m to the left of the receiver antenna. The "far" door is 4m away from
the first door and approximately 60◦ from the receiver. Position A is 1m away from the
door or the anechoic chamber, while position B is at the chamber door. .
FIGURE 5.11. Dipole antenna configurations
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The results indicate both configurations at position A and position B. For position A
when both doors are open; there are two main peaks at approximately 25◦ and 60◦ with
-5dB and -12dB reflective signal respectively. At a 60◦ angle, there is a direct line of sight
between the transmitter and the receiver antenna, but there is an attenuation at a 25◦
angle because its transmitted through the chamber wall. When only the far door open,
the direct line of sight signal at 60◦ angle is a dominant signal with -5dB.
(a) A; both door open (b) A; far door open
Figure 5.12: Dipole at position A for both configurations at 22GHz
At position B, the transmitter antenna is at the chamber door. Results in Figure 5.13
when both the doors open showing several peaks at 0◦, 25◦, 60◦ and 90◦. The value of the
reflected signal when only the far door opens lower than in position A.
These set of results are important in order to introduce the effect of uncontrolled
environment towards the measurements of a real indoor and outdoor scenarios.
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(a) B; both door open (b) B; far door open
Figure 5.13: Dipole at position B for both configurations at 22GHz
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5.3 Indoor Laboratory Environment Measurements
In this section the ability to distinguish between objects (amongst the general signal
clutter) and the main mechanisms for signals reaching the receiver are examined. The
indoor measurement was conducted in a laboratory and adjacent office environment.
The laboratory is furnished with multiple bench and desks. Also, the room is equipped
with several computers and electronic devices. The walls are typical plasterboard walls,
and the suspended ceiling and floors. The floor contains metal, and above ceiling tiles are
air conditioning ducts that are wrapped in aluminium foil. Hence all highly reflective
materials. In addition, the adjacent office area is a common area with sofa and small
kitchen appliances.
The receiver antenna was a dual polarised Flann horn antenna mounted on the
positioner at the height of 1.5m. The receiver performed full azimuthal scans of all
elevations for vertical and horizontal polarisation. The transmitter is a skirt dipole
antenna as shown in Figure 5.2 of 22GHz. The measurements reported here are only
for vertical transmit polarisation at 20GHz. Both transmit and receive antenna was
connected to Anritsu 37397C vector network analyser. In all cases the amplification
cabling and antennas are the same and hence and differences in signal levels must be
due to differences in path loss and environment. Hence both relative levels and absolute
levels (with range calibration) can be determined.
The aim for this scanning measurement is to relate the clutter identification mea-
surement as the previous section with the actual environment. The location signal
identification analysis also will relate to how the signal affected by the propagation
mechanism such as reflection, diffraction and attenuation.
A layout of laboratory and adjacent office space where the measurement was con-
ducted is shown in Figure 5.14. The fixed receiver (RX) position and six chosen transmit-
ter (TX) locations, as well as benching in the laboratory, anechoic chamber and adjacent
office space, are indicated in Table 5.6. Of interest in this study are position 4 (in the
laboratory and direct lines of sight), position 5 (in the laboratory with diffraction of the
wall) and position 6 (in kitchen area with no visible line of sight).
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FIGURE 5.14. Layout of the laboratory and adjacent office space
Table 5.6: Measurement in the laboratory configurations
Configuration Description
Location 1, 2 and 3
At these locations, the antenna was located at the same coordinate with different height.
The coordinate for these locations is [7m 6.5m] with the height of 0.6m, 1.25m and 2.4m.
Location 4
At this location, the transmitter at at the height of 2.4m (on top of the laboratory bench).
This higher up location, produce the line of sight signal and hence useful as reference.
Location 5
The transmitter is located at the "far" door of the anechoic chamber.
The distance from the receiver to the transmitter is approximately 8m apart.
There is a corner of the chamber wall that separated between these two.
The height of the transmitter is 1.5m.
Location 6
The adjacent office space is a small room beside the laboratory area.
There are two connecting doors at the end of the room, separating the transmitter and the receiver.
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5.3.1 AoA Measurement Results for the Laboratory
Environment
Full azimuth and elevation scan data for received vertical polarisation with respect to
vertical transmit polarisation have been collected, and each set of data is normalised to
the maximum received signal at each location respectively. Observation and analysis
will be based on the 3D indoor laboratory plots and the respective relative power level
and AoA plots.
FIGURE 5.15. 3D: Location 4
Location 4: at this location, the transmitter was at the height of 2.4m above the floor
with no obstruction, and therefore there is a strong signal of the line of sight (LOS).
Figure 5.15 showed the 3D plot with a lot of details on projections on the screen. The 3D
plot was useful because it showed where the signal came from and pointed to and how
the signal related to the indoor laboratory environment. The colours represent the signal
strength; red is showing the main beam while the purple is generally noise of the system.
However, this 3D plot did not show the fine details of the beam.
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(a) relative power level (b) AoA
Figure 5.16: Location 4
Figure 5.16(a) showed a relative power level of the system. In here, a high density
signal can be seen at the specific place and clutters of noise around it. Moreover, Figure
5.16(b) showed more details in AoA form for one plane. The strongest signal of the line of
sight (LOS) was observed (bold red line).
FIGURE 5.17. 3D: Location 5
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Location 5: Figure 5.17 shows the 3D plot in the same indoor laboratory environment.
The transmitter antenna is at the "far" door of the anechoic chamber, resulting in a
diffraction effect from the edge of the chamber’s wall. This can be clearly visible in the
plot.
(a) relative power level (b) AoA
Figure 5.18: Location 5
The power level plot, Figure 5.18(a) also show a high density for both the radiated
beam from the transmitter and at the edge of the chamber. Figure 5.18(b) shows the
AoA of location 5. It is noted that there are five main peaks observed. The highest peak
came from the transmitter antenna with a diffraction effect from the right-hand-side
with respect to the chamber’s wall. The second peak came from the metal pole that was
placed at the bench near the receiver antenna. The third and fifth peaks came from the
clutters from the main table near the measurement area. A few scattered signal also
being observed as a table is against the anechoic chamber wall.
Location 6: For position 6, there is a signal concentrated towards the adjacent office
space (wall penetration), and there are weak signals from diffraction around a door
and signal that scattered around the receiver itself as shows in Figure 5.19. The higher
density coming from the diffraction and attenuation also can be visible in Figure 5.20(a).
The AoA in Figure 5.20(b) clearly showed the attenuation from the wall and some
reflection from the ground as numbered of 1, 3 and 4. There was also a clutter in the
laboratory that contributed to the signal as numbered (2).
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FIGURE 5.19. 3D: Location 6
(a) relative power level (b) AoA
Figure 5.20: Location 6
Results for position 1, 2 and 3 are not presented here, however the 3D plots are
available in Appendix B.
These measurement results demonstrate a strong correlation between the propaga-
tion environments and the multipath signal detected. Table 5.7 shows the summary
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of the propagation mechanism involved with respect to the location assigned. Location
4 have the highest received signal since its the direct line of sight. For location 5, the
received signals were mainly from duffraction and reflection, therefore the highest sig-
nal received only -5.07 dB and location 6 was the lowest received signal because of
attenuation through the wall and diffraction from the laboratory door.
Table 5.7: Summary of propagation mechanism involved
Location Propagation mechanism Signal strength/AoA, dB
4 direct line of sight -1.26
5 diffraction, reflection -5.07
6 attenuation, diffraction -5.6
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5.4 Conclusion
This chapter presents investigation measurements of indoor scan for both azimuth and
elevation plane. The measurements were conducted both in an anechoic chamber and
indoor laboratory environment.
The first set of measurement emphasises the identification of the object in terms of the
reflected signal at 22GHz. Based on the data set, the use of cylindrical poles to identify
the location of the samples based on the reflected signal and for two poles whether these
were able to be identified as separate reflections, even when there was an only a 0.45m
gap between the two poles. There was an approximately 2dB difference of signal gain
for that small gap distance. The S21 from the measurement were also compared with
the theoretical value of the radar cross section, σ of materials to determine the effect of
illumination towards the received reflection signal. The value σ of the metal pole was
calculated at 43m2, whereas from measurements, the σ establish at 45m2; not much
different because radar cross section only concentrates on how much area being seen by
the antennas.
Additionally, in this chamber measurement, two types of antennas (rectangular
horn and cylindrical horn antennas) were used. The circularly polarised horn antenna
produced a more directive signal compared to the rectangular horn antenna. Therefore
the reflected beams were narrower and distinctive. The effect of the outdoor environment
also being introduced in this chapter, there was a 7dB different of two main peaks
detected when the transmitter was placed outside the chamber (in front of the chamber
door).
The second set of measurements were conducted in an indoor laboratory and adjacent
office area. This again used the azimuth-elevation scans to identify the dominant signal
based on 3 locations of interest. The operating frequency was 20GHz. The results were
presented in 3D plots with respective relative power level and the AoA plots. With the
3D plots, projections on the screen showed where the signal came from and pointed to
with noise from the surrounding clutter. Finer details of the propagated signal, showing
the dominant and secondary signals with density and the specific place of the signal
were presented using the relative power level and AoA plots. The dominant propagation
path is a line of sight based on position 4 with a signal strength of -1.26dB. However,
diffraction (with a signal strength of -5.07dB) also contributed to the propagation as the
signal hit the edge of the chamber’s wall in position 5. Attenuation through the wall also
produced -5.6dB that need to be considered as one of the important propagation paths.
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Further works should include more measurements on object identifications with
different dimensions of materials at various locations from the actual indoor or outdoor
scenario. Full azimuth and elevation scan measurements also need to be expanded with
the existence of the human body and with frequent time-lapse to observe the received











CONCLUSION AND FUTURE WORKS
6.1 Thesis overview
The research presented in this thesis has considered electromagnetic propagation mecha-
nism, mainly in K-band (18GHz to 27GHz) and millimetre wave (28GHz to 60GHz) band.
More specifically this has involved the development of methodologies for the characteri-
sation of materials in order to obtain a better understanding of the reflection, scattering,
diffraction and attenuation of materials and how this knowledge may then be applied
to deterministic models for EM propagation. The analysis presented has covered the
calibration process and highlighting the main issue for practical measurements such as
the repeatability of the measurements and the easiness of data collections. A number of
materials have been considered in this study with emphasis on metal, wood, concrete
and ceramic tiles - all materials commonly found in buildings.
In Chapter 2, a background review of various measurement campaign, and propa-
gation mechanism based on the positions of a transmitter (Tx) and receiver (Rx) with
respect to a material surface were presented. Based on the reviews, three main chapters
were delivered by extended and modified the methodology to suit the research of this
thesis. The three practical measurements cover firstly, the transmission measurement,
this has been used in Chapter 3 to prove the diffraction analysis for small sample mate-
rials and extended in terms of repeatability of measurement to improve the resolution
and proficiently to detect the reflection from the surface materials. Secondly, it is clear
that the full characterisation of materials is extremely complex since single angles of
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arrival, angles of departure, polarisation, material bulk properties, material scatter
(surface) properties, material area and thickness, layers etc. that all may vary with
frequency are all characteristic variables. One single method can, therefore, be applied
to extract the useful information, and this has been discussed in Chapter 4 by fixed
the materials and moves the antennas. Finally, the azimuth and elevation scan. The
challenges in this area are how the clutters and human blockage in the environment
affect the propagation mechanism. Therefore, Chapter 5 will rectify this measurement by
initially conducted an object identification measurement in the controlled environment
before further investigation of the propagation path in larger scenarios.
In Chapter 3, the (normal) reflection, and attenuation measurements of sample
materials with a dimension of 40x40cm were conducted initially. Based on this transverse
measurement it was found that it is not worth looking at attenuation until further
understanding of reflection of the materials were studied. The resolution of 20mm was too
coarse and this led to the development of a comprehensive model of the normal reflection
of a material taking into account the transmit antenna, path between the material
and antenna and the thickness of the sample, with the method of system calibration
in the latter part of Chapter 3. This method undertaken the repeatable wideband
measurements using an automated test set up with 2mm resolution. Measurements in
this chapter have a distance limitation since the automated track is 1m long and the
distance between the transmitter and receiver were also limited.
In Chapter 4 the angular spread (scatter) characteristics are examined and is an
extension of the work from Chapter 3. The measurements of signal AoD from a material
for every possible AoA (in both azimuth and elevation) would require very complex posi-
tion control and considerable resources in time. A method has therefore been suggested
that would allow a subset of this data to be acquired and possibly sufficient to process
for inclusion into a deterministic model. This practical method solved the AoA and AoD
problems by keeping the antennas fixed and moving the sample. Using this method,
the AoA (illumination) normal to the material surface and the AoD of the ‘main’ signal
normal to the surface add up to the 90◦ orientation of the two antennas. Maximum
reflectivity of materials was successfully obtained by normalisation to the maximum
value of metal plate. This methodology only focus on small sample materials, using a
larger materials might caused some problem in fixing the material onto the rotating
stand and might need a longer processing time.
While Chapter 3 and Chapter 4 have considered mounting small-scale samples for
measurements and analysis, Chapter 5 has considered a method to determine material
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characteristics from large samples and artefacts of the environment (walls, corners etc.).
Features such as LoS, diffracted paths, reflection, scatter and attenuation through the
wall have all been conserved in a number of measurements carried out in an anechoic
chamber (where there is precise control of scatterers) and a laboratory environment
(where there is not). The object identification in the chamber measurements was com-
pared with RCS to investigate the relation between the received reflected signal with
an area of illumination. The illumination from antennas was compared by using both
the rectangular horn antenna and circularly polarised antenna, where circularly po-
larised horn antenna produced a more directive signal compared to the rectangular
horn antenna. The investigation of dominant and secondary propagation path were also
conducted for six locations in an indoor laboratory and adjacent office area. Even though
this measurement yield good observation and results based on propagation paths, but
the azimuth and elevation because some details might not being captured clearly.
6.2 Material Characteristic
The main findings obtained from this thesis based upon the material tested are:
• Metal (plate and cylinder): This material has been assumed to be the reference
throughout the thesis because of the highest reflectivity value. In Chapter 3,
measurement for wideband frequency, a metal plate of 40x40cm was used and even
it is a good reflector, the ’diffraction curve’ at the edge of the metal plate was still be
detected (3dB difference). In Chapter 4, the larger size of 70x70cm of metal plate
was used for the angular measurement in the chamber for frequency comparison
(5GHz, 15GHz, 20GHz and 22GHz). This resulted in a wider beam at a lower
frequency compared at a higher frequency. In the same chapter for short range
measurement at 20GHz and 60GHz, metal plate sizes and shapes were compared.
These size of the reflected beamwidth signal is increase with the increase of metal
plate size and for the shape of the metal, not visible different observed. The metal
poles were used in object identification measurement in Chapter 5. The calculated
RCS, σ of this cylindrical metal poles were compared with the measurement results
and produced almost identical values.
• Concrete: In the transverse measurement, comparison for diffraction gain for
concrete based on the measurement results and KED have shown agreeable results
at the edge/penumbra region (-6dB signal drop). The difference in surface roughness
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for both sides of concrete is also noticeable. There was a 0.6dB different of M11
values. In the angular measurement, the reflectivity of concrete with respect to
metal plate produce approximately 12dB different of peak values for chamber
measurement but only 3dB different for a short-range measurement at 20GHz and
60GHz.
• Wood: Two different types of wood (surface different) with the same dimension
have been presented in transverse measurement and produce approximately 2dB
different in diffraction analysis. In Chapter 4, the reflectivity of wood compared
with metal plate produced a different of approximately 19dB. In Chapter 5, wood
pole reflected signal was tested in the chamber and produced the lowest reflected
signal of -36dB even with the same dimension as a metal pole.
• Tiles: Ceramic tiles that have been used in all measurement in this thesis consist
of four tiles (plus two strips) are pasted onto 1cm thick plasterboard. The reflective
surface and grout between the tiles can be clearly observed in both transverse
and angular measurements. In the transverse measurement, -5dB different with
respect to the metal plate of reflectivity level was recorded. In the angular mea-
surement, the reflectivity peak values were -7.9dB at 20GHz and only -0.9dB at
60GHz for short-range measurement. It shows that there were not much different
reflectivity parameters compared to metal.
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6.3 Future Works
The thesis has been concentrated on three different practical methods; transverse mea-
surement (normal reflection), angular and indoor scan (azimuth and elevation). In this
section, the limitation based on the three methods will be discussed first in order to
identify future works to improve these matters. Even though the practical measurement
presented in this thesis adequate for small sample materials, but there were some
limitations that can be improved for better results finding.
In Chapter 3, a single dimension scan has been successfully conducted, resulted with
reflection and diffraction path with the attention of distance, illumination and antenna
types. However, there is a need for comprehensive measurement studies based on this
consideration. The distance between the sample to the antennas and the distance travel
across the sample materials need to be increased. The size of the sample and thickness
with respect to the wavelength of the signal. The resolution to scan over single plane
scan - ideally, 2D scan for diffraction analysis is needed to observe the effect for both
sides of edges with the top and bottom of materials too.
In Chapter 4, the same parameters need to be further analysed, such as distances,
size of sample, illumination and angle of incident and reflected. For AoA and AoD
consideration, the development of a mathematical model that illustrated both angles
and gains are essential.
In Chapter 5, azimuth and elevation scan, the polarisation of antennas only set to be
vertical Tx to vertical Rx (V-V) in this measurement. Polarisation for another co-polar
and cross-polar also need. Gathering more data for consistency of results also needed. In
the chamber measurement, additional reflectors that rotates are beneficial to identify
the angular effect.
Other future works considerations are:
• Other indoor scenarios: Measurement at various indoor environment should be
conducted in order to highlight or identify other objects/clutters in that specific
environment. The reflection from the ceiling particularly should be considered
• Cabling issues: this problem for connections between transmitter and receiver
antenna to VNA have been resolved for the angular measurement by fixing the
antennas and rotated the material under test. However, measurement at a higher
frequency (60GHz) still produces a high level of cabling noise as in Chapter 4.
Therefore, the used of a specific cable at higher frequency is crucial even though it
will increase the cost of measurement tremendously. The usage of cable for 60GHz
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is not practical. Using separate Tx n Rx and being able to synchronize the Tx
oscillator and Rx isolator and phase reference data are more beneficial. Sufficient
dynamic range of approximately 40dB is needed for better understanding.
• Materials: Limitation of the materials used in this thesis should be extended in
terms of dimension (size), thickness and distance between the materials to the
transmitter and receiver antennas. Most of the sample is 40x40cm and comparable
with the wavelength of the signal. However, usage of larger sample not really
produced a different in results.
Various type of building materials (indoor and outdoor) should be used. Other
building materials that need to be considered are: bricks, plasterboard, insulation
materials (brick with air gap), double skinned wall, single skinned wall.
Surface roughness of material: a systematic approach to identify the surface rough-
ness of materials. Rougher materials such as Portland stone.
• Propagation Model: The results from the measurements in this thesis should be
useful for the existing ray tracing model’s parameters and to improve the channel
model indirectly. Surface materials should be taken into consideration. Based
on the measurement for both side of the concrete slab in Chapter 3, there is a
significant value even the roughness of the surface it’s not visible. Combination
of the different surface in one material also important for example the set of tiles
with grouting in between.
Overall, material characterisation is the first steps to achieve a close alignment
between measured and theoretical channel models. The methodologies developed in
this thesis for small sample materials is a practical way to determine the significant
power changes in the reflected energy for varies material surface types. The angular
measurement setup for instance, will take into account the varying reflective properties
of different materials on a surface.
Finally, the work done in this thesis has motivated some discussion on further
measurement/testing for characterising materials at higher frequency band in order
to provide acceptable input parameters for deterministic channel model (ray tracing)










APPENDIX A: ANTENNA RADIATION PATTERNS
FIGURE A.1. Radiation pattern of rectangular horn antenna at 22GHz
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FIGURE A.2. Radiation pattern of circularly polarised antenna at 22GHz











APPENDIX B: 3D INDOOR LABORATORY PLOTS
FIGURE B.1. 3D: Location 1
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FIGURE B.2. 3D: Location 2
FIGURE B.3. 3D: Location 3
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